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FOREWORD 


(U)  This  l3  the  annual  technical  summary  report  In  partial 
fulfillment  of  Contract  AP  04(6ll)-755^(^ ) j  describing  the  work 
done  during  the  period  of  January  1  to  ^cember  29,  I965. 

(C)  The  nrlmary  objective  of  this  program  Is  to  characterize 
and  produce  Investlgatloni 1  quantities  of  propellant  components 
that  can  be  formulated  Int.  practical  solid  propellant  grain 
compositions  which  will  produce  specific  Impulse  values  of  at 
least  280  sec.  (1000/14.7).  The  specific  goals  of  the  program 
are  concentrated  on  the  stabilization  of  aluminum  hydride.  Improv¬ 
ing  the  sensitivity  of  N-F  oxidizers,  thermochemical  studies,  and 
toxicology.  A  secondary  objective  of  the  program  Is  to  pz-ovlde 
thermodynamic  data  compilation  on  a  continuing  basis  in  the  form 
of  JANAP  Thermochemical  Tables  which  are  distributed  to  the  Aero¬ 
space  Industry  for  use  In  propellant  performance  and  other  high 
temperature  thermodvnamlc  calculations. 

(U)  The  work  was  administered  under  the  direction  of  the 
Rocket  Propulsion  Laboratory,  Edwards  Air  Force  Base,  with 
Mr.  J.  T.  Edwards  as  Air  Force  Project  Officer. 


(U)  The  work  was  perforaied  by  a  number  of  scientists  who  are 
listed  2t  the  beglr.r.lr.g  of  each  major  section.  Dr.  R.  F.  RuU  waa 
the  Laboratory  Director,  with  Drs.  P.  M.  Brower,  D.  A.  Rausch 
D.  R.  Stull  and  H.  C.  Spencer  as  principal  Investigators  of  the 
specific  sections. 


(C)  Most  of  the  work  described  In  this  report  Is  continuing 
In  1906  under  Air  Force  sponsorship.  The  stabilization  of  alumlnu.1. 
hydride  la  covered  by  AP  04(6ll)-ll400,  the  JANAP  Tables  by  AP  04- 
(oll)-11201,  the  determination  of  thermodynamic  properties  and 
combustion  kinetics  by  AP  04(6ll)-11202,  and  the  toxicological 
Investigations  by  AP  33(6l5)-5842. 


(U)  This  report  Is  Dow  Report  Nr.  AR-4Q-65. 

This  technical  report  has  been  reviewed  and  Is  approved. 

George  P.  Bablts,  Lt.  Colonel,  USAP 
Chief,  Propellant  Division 
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GLOSSARY  OF  TERMS 

Azoblalsobutyronltrlle 
Ammonium  perchlorate 

2 . 3- bl3 (Dlfluoroamlno ) -1 , 4-butanediol 
dlnltrate 

bl3 (2 ,2-dlnltropropyl )acetal 
bl3( trls (Dlfluoroamlno )me thy 1 ] urea 
Chlorine  penta fluoride 
tetralcl3(Dlfluoromalno  )methane 
D1 (dlfluoroamlno )dlf luoromethane 
trls -Fluoride 

Dlethylene  glycol  dlnltrate 
Dimethyl formamlde 
Dlphenylacetylene 

2 . 3 - bl 3 (Dlfluoroamlno ) propyl 
Ethyl  centrallte 

Epoxy  Resin 

A  fluorocarbon  so] vent  made  by  Minnesota 
Mining  and  Manufacturing  Company 

A  polyester  made  by  Minnesota  Mining  and 
Manufacturing  Company 

Aluminum  borohydrlde  dlmethylamlnate 

trls (Dlfluoroamlno )methoxyammonlum 
perchlorate 

2 [ trls ( Dlfluoroamlno )methoxy ] ethyl 
ammonium  perchlorate 

2 ( trls (Dlfluoroamlno )methoxy  Jethylamlne 
perchlorate 

Polychlorotrlfluoroethylene 

trl3[ l-(2-methyl )azlrldlnyl Jphosphlne  oxide 

Nitrocellulose 

2-Nltrodiphenylamlne 

Nitroglycerine 

Nltronium  perchlorate 

Perf luoroformamld Ine 

Perf luoroguanldlne 

Plastlsol  grade  nitrocellulose 
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TAZ 

TEGDN 

THA 

TMETN 

trl3 

trl3-A 

trl3 -Azide 

tri3 -Bromide 

trl3-Chlorlde 

trl3-Pluoro3ulfonate 

trl3-H 

trl3-I 

trl3-l3ocyanat ) 

trl3-Iodlde 

trla-NOa 

trl3-0F 

trl3-0H 

VCN 


Trlamlncguanldlnlum  azide 
Trlethylene  glycol  dlnltrate 
Trlamlnoguanldlnium  hydrazinium  azide 
Trlmethylolethane  trinitrate 
(NF2)3- 

trl3 (Dif luoroamlno )methylamlne 

trl3 (Dlf luoroamlno )methylazlde 

trl3 (Dlf luoroamlno )methylbromlde 

trls (Dlf luoroamlno )methylchlorlde 

trl3 (Dlf luoroamlno )methylfluoro3ulfonate 

trl3 (Dlf luoroamlno )methane 

trl3 (Dlf luoroamlno )methyl  laocyanate 

trl3 (laocyanato )methane 

trl3 (Dlfluoroamlno)methyllodlde 

trl3 (Dlf luoroamlno )nltromethane 

trls (Dlf luoroamlno ) f luoroxymethane 

trls (Dlf luoroamlno )mcthyl  alcolwl 

Vinyl  cyanide  (Acrylonitrile) 
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SECTION  I 
ABSTRACT 


(c)  In  the  area  of  fuels  synthesis,  the  following  areas  have 
been  Investigated.  Solubllltler  for  the  aluminum  hydride  system 
have  been  measured.  Continuous,  direct  crystallization  of  aluminum 
hydride-1451  has  been  studied  and  achieved  In  a  draft  tube  baffle 
crystalllier  ( DTB)  .  Pour  methods  of  ’’thermal  seeding"  the  crystal¬ 
lizer  have  been  examined.  Solution  stability  has  been  a  problem. 
Photomicrographs  of  the  nucleatlon  and  growth  processes  occurring 
during  decomposition  of  aluminum  hydride  are  presented,  and  a 
mechanism  Is  proposed.  The  crystal  structure  of  AIH3-145I  has 
been  elucidated. 

(C)  Improvements  In  thermal  stability  were  achieved  by  aging, 
dlphenylacetylene  treatment,  and  surface  hydrolysis.  A  m.axlmum 
stability  of  1^  decomposition  In  70  days  at  60“C.  has  been  obtained. 
Surveillance  of  neat  AIH3-145I  has  Indicated  less  than  1^  decomposi¬ 
tion  at  ambient  temperature  In  I.3  to  1.8  years.  Surveillance  of 
AIH3-1451  double-base  propellant  at  25“C.  and  40“C.  showed  a  decom¬ 
position  rate  of  0.0012^  and  0.003^  per  day,  respectively.  A  study 
of  the  kinetics  of  decomposition  of  aluminum  and  beryllium  hydride 
using  flash  heating  showed  the  existence  of  AlH,  BeH,  and  BeH+  at 
2500^K. 

(C)  A  new  potential  liquid  oxidizer,  or  plasticizer,  has  been 
prepared  by  the  reaction  of  trls-I  with  nltroform.  Exploratory 
reactions  to  prepare  trls-lonlc  solids  by  the  displacement  of  the 
bromine  from  trls-bromlde  Indicated  a  reaction  with  oximes;  however, 
fluorine  was  lost,  and  a  PPG  adduct  was  formed.  Typical  nucleophilic 
displacement  reactions  could  not  be  effected  on  trls-bromlde  with 
retention  of  the  trls  structure.  The  effect  of  Impurities  on  the 
Impact  sensitivity  of  dlf luoroamlno  compounds  was  Intensively  studied. 
No  appreciable  effect  was  detected  for  the  compounds  examined. 

(U)  The  heat  of  formation  of  nitrogen  trlfluorlde(g) ,  aluminum 
borohydrldo(g) ,  Hyballne  A-4(l),  hexaf luoroethylene  radlcal(g), 
INP0-635P( c ) ,  and  BTU(c),  and  the  high  temperature  enthalpies  of 
allotroplc  forms  of  beryllium  chloride,  and  the  enthalpies  and  heat 
capacities  of  liquid  and  'jolld  alumlniun  were  measured  and  are 
reported.  A  summary  of  Series  C  and  D  of  the  JANAP  'Kibles  of  Pro¬ 
pellant  Ingredients  and  of  the  four  supplements  of  JANAP  Thermo- 
chemical  Tables  Issued  during  1965  Is  given. 

(U)  The  toxicological  research  was  concentrated  on  the  beryl¬ 
lium  containing  materials  using  controlled  samples  of  the  oxide 
as  well  as  the  hydrides,  the  metal  and  firing  residues.  Ihe 
response  In  animals  of  the  low-fired  oxide  Is  entirely  different 
than  the  hlgh-flred  materials,  and  evidence  of  various  carcino¬ 
genic  tumors  was  detected  In  lung  tissue  of  the  animals  exposed 
to  low-fired  materials. 
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SECTION  II 
SUMMARY 


A.  FUELS  SYNTHESIS  (u) 

(C)  The  fuels  research  effort  has  stressed  fundamental 
stability  and  crystallization  studies  oriented  toward  Improving 
the  chemical  and  physical  properties  of  aluminum  hydride. 

(C)  Molecular  weight  studies  of  aluminum  hydride  have  shown 
that  the  presence  of  lithium  aluminum  hydride  In  a  0.25  M  AIH3 
solvtlon  enhances  the  molecular  weight  of  the  species  present  In 
diethyl  ether  solution.  There  was  no  Indication  of  a  simple 
complex  having  a  low  whole  number  mole  ratio  of  lithium  aluminum 
hydride  to  almlnum  hydride.  Similar  studies  with  aluminum 
hydride  and  lithium  borohydrlde  showed  boiling  point  elevations  ' 
that  were  nearly  additive.  This  Indicated  only  a  slight  associa¬ 
tion  taking  place  between  aluminum  hydride  and  lithium  borohydrlde 
In  ether  solutions. 

(C)  Solubility  curves  have  been  constructed  for  lithium 
alumiuum  hy'^''’‘''^e,  lithium  borohydrlde,  aluminum  hydride,  and  com¬ 
binations  thereof  In  the  ether  -  benzene  solvent  system  used  In 
the  batch  process  for  AlHo  crystallization.  It  was  concluded  from 
various  systems  containing  higher  amounts  of  dissolved  hydride  per 
given  volume  of  solvent  that  the  precipitation  phenomenon  was  not 
solely  a  function  of  concentration,  since  the  solute-solvent  ratio 
had  little  effect  upon  the  precipitation  temperature.  Hiere  does, 
however,  appear  to  be  a  temperature-dependent  complex  which  plays 
a  major  role  In  the  precipitation  phenomenon. 

(C)  The  solubility  of  aluminum  hydride,  measured  at  various 
temperatures  In  the  ether  -  benzene  solvent  system.  Is  not  solely 
a  function  of  ether  concentration,  but  Is  a  function  of  the  binary 
solvent  system. 

(C)  Solubility  curves  for  the  continuous  crystallization 
process  have  been  measured.  These  curves  represent  the  changes 
In  solubility  of  lithium  borohydrlde,  lithium  aluminum  hydride, 
and  aluminum  hydride  In  the  benzene  -  ether  system  as  a  function 
of  time  at  constant  tempera ture-s  of  7^‘’-78‘’C.  The  measured 
solubilities  of  lithium  aluminum  hydride,  alumlf^’im  hydride,  and 
lithium  borohydrlde  Just  prior  to  precipitation  lii^’lcate  an 
approximate  hydride  respective  mole  ratio  of  1:2:1. 

(C)  Solubility  studies  of  the  complete  continuous  process 
system  at  constant  temperatures  ranging  from  7^“-78“C.  are  summarized. 
The  solubilities  of  lithium  aluminum  hydride  and  aluminum  hydride  In 
both  the  pre-  and  post-preclpltatlon  areas  decrease  with  Increasing 
temperature.  The  solubility  of  llthliim  borohydrlde  In  the  contlnu- 
ou.s  process  appears  to  be  unaffected  by  temperature  except  at 
temperatures  above  78“C.,  at  which  point  the  solubility  of  lithium 
borohydrlde  also  decreases. 
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(C)  The  .lolublilty  curves  of  lithium  aluminum  hydride  and 
aluminum  hydride  together,  compared  with  those  obtained  In  a 
combination  of  lithium  alumlnimi  hydride,  aluminum  hydride  and 
lithium  borohydrlde  at  7^°C.  and  77“C.,  differed  only  In  the 
Increased  solubility  of  lithium  alianinum  hydride  due  to  the 
presence  of  lithium  borohydrlde. 

(C)  The  effect  of  various  concentrations  of  lithium  aluminum 
hydride  on  the  solubility  of  aluminum  hydride  In  the  continuous 
process  showed  only  minor  variations  In  solubilities. 

(C)  In  the  preparation  of  aluminum  hydride,  traces  of  Impuri¬ 
ties  can  adversel’/'  affect  the  stability  of  the  final  product.  In 
a  study  of  solvent  purity,  analysis  of  high  quality  benzene  from 
five  different  sources  Indicated  essentially  no  differences  in 
Impurity  content.  The  amount  of  water  In  the  benzene  appeared  to 
be  the  moat  significant  factor  In  Its  effect  on  hydride  stability. 

(C)  The  analysis  of  ether  solutions  of  aluminum  chloride  by 
gaa-llquld  chromatography  using  flame  and  electron  capture  detection 
showed  two  Impurities.  No  correlation  has  been  made  between  these 
Impurities  and  thermal  stability  of  the  hydride. 

(C)  The  substitution  of  aluminum  chloride  with  dlmethyldl- 
chloroallane  In  the  reaction  with  lithium  aluminum  hydride  produced 
normal  AIH3-I431,  except  In  some  cases  In  which  an  Improved  stable 
product  was  obtained. 

(C)  Preparations  of  aluminum  hydride  under  anhydrous  and 
oxygen-free  conditions  continued  to  Indicate  a  trend  toward 
Increased  decomposition  of  the  aluminum  hydride  In  very  pure 
systems. 

(C)  A  possible  relationship  between  stray  electrical  fields 
and  aluminum  hydride  decomposition  was  Investigated.  Heating  the 
Qpnverslon  flask  to  550‘’C.  before  using  appeared  to  be  beneficial. 

An.  Investigation  of  materials  of  construction  showed  soft  glass 
and-Vycbr  to  produce  more  decomposition  than  boroslllcate  glass. 

The  use  of  quartz  showed  no  observable  decomposition. 

(C)  A  system  has  been  developed  for  sampling  and  examining 
microscopically  the  solids  present  during  the  continuous  crystalli¬ 
zation  process.  This  apparatus  has  been  found  to  be  very  useful 
In  observing  the  Initial  precipitation,  crystal  growth,  effect  of 
additives,  and  phase  changes  which  occur  during  the  preparation 
of  AIH3-145I.  The  sampling  system  Is  coupled  to  a  polarizing 
light  microscope  with  a  Polaroid  camera  attachment  for  permanent 
recording  of  these  phenomena. 

(C)  Laboratory  crystallization  studies  have  concentrated  on 
developing  the  conditions  necessary  to  grow  continuously  single 
crystals  of  AIH3-1451  directly  from  solution.  These  studies  have 
shown  that  slower  feed  rates  and  stirring  are  Important  parameters 
In  producing  good  crystals.  Temperature  and  residence  time  are 
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also  contributing  factors .  Seeding  has  not  been  successful  and, 
as  a  result,  a  variety  of  techniques  of  Initiating  nucleatlon  has 
been  studied.  A  study  of  nucleatlon  has  Indicated  that  "thermal 
seeding"  which  Involves  the  addition  of  an  ether  solution  con¬ 
taining  lithium  aluminum  hydride,  and  alumlnm  hydride,  with  or 
without  lithium  borohydrlde,  to  boiling  benzene  gives  the  most 
rapid  and  consistent  nucleatlon  of  AIH3-1451 , 

(C)  '^.Tie  role  of  the  crystallization  additives,  lithium 
aluminum  hydride  and  lithium  borohydrlde,  has  been  thoroughly 
Investigated.  A  search  for  other  crystallization  additives  which 
would  Increase  the  crystallinity  of  the  AIK3-145I  has  not  produced 
any  Improvements.  The  role  of  the  Impurities  of  lithium  chloride 
and  water  has  been  shown  and  methods  for  their  removal  developed. 

(C)  Prellmlriary  work  Incorporating  magnesium  Into  the  direct 
crystallization  of  aluminum  hydride  Indicated  It  can  be  accomplished, 
but  with  some  difficulty  due  to  residual  chlorides  and  changes  In 
crystal  habit. 

(c)  Ihe  continuous  direct  crystallization  of  aluminum  hydride- 
1451  has  also  been  studied  on  a  larger  scale.  A  l4-gallon  modified 
Draft  Tube  Baffle  (DTB)  crystallizer  with  a  glass  elutrlatlon  leg 
for  classification  of  product  was  used.  A  description  of  the 
process  and  a  summary  of  runs  made  In  the  DTB  crystallizer  are 
presented.  All  preparations  were  continuous  and  varied  In  length 
from  four  to  eleven  hours.  Plfty-four  percent  of  the  cor^lnuous 
runs  resulted  In  samples  containing  entirely  A1H3-1451. 


(U)  Nucleatlon  of  aluminum  hydride  has  been  shown  to  ce 
extremely  critical  In  determining  the  quality  of  the  final  product. 
Pour  methods  of  "thermal  seedlng"^  the  crystallizer  have  been  used. 
These  methods  and  the  effect  of  parameters  are  discussed.  Examina¬ 
tion  of  DTB  solutions  has  shown  that  direct  nucleatlon  of  AlH,  -1451 
does  occur  In  the  DTB  crystallizer.  Nuclei  usually  appear  as  well- 
formed  cubes  or  hexagons  of  AIH3-145I. 


(U)  Solution  stability  has  been  a  problem  with  random  decompo¬ 
sition  and  deposition  on  the  walls  of  the  crystallizer.  Cleaning 
procedures  and  control  of  raw  material  quality  have  minimized  this 
problem.  Preliminary  screening  of  fundamental  parameters  indicates 
that  agitation,  feed  rate,  and  crystal  retention  time  are  the  most 
significant. 


(C)  During  the  latter  part  of  the  year,  a  modified  crystallizer 
was  designed  and  fabricated  which  incorporated  several  Improved 
features.  I^ta  Indicate  that  the  mechanical  design  of  the  crystal¬ 
lizer  Is  critical.  A  new  concept  of  aluminum  hydride  crystallization 
has  also  been  Investigated  and  Is  briefly  discussed.  The  method 
eliminates  distillation  and  the  need  for  high  wall  temperatures, 
yet  Incorporates  solvent  recovery. 


(C)  Conversion  of  AIH3-1451  In  solvent  media  other  than  the 
benzene  -  ether  system  and  at  lower  temperatures  has  proven  to  be 
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feasible  and  practical.  The  following  solvent  systems  have  been 
proven  satisfactory  as  crystallizing  media  for  AIH3-I45I;  n-hexane, 
b.p.,  68°C.;  and  a  benzene  -  2, 4-dlmethylpentane  mixture  azeotroplng 
at  75.4“C.;  and  a  benzene  -  cyclohexane  system  azeotroplng  at 
77.4®C.  These  systems  have  resulted  In  the  crystallization  of 
AIH3-145I  at  temperatures  of  64“-66“C.,  7l“-73  C.,  and  73°-75°C., 
respectively. 

(C)  Fundamental  decomposition  studies  of  aluminum  hydride  are 
Interpreted  In  terms  of  a  three-stage  process.  The  first  Involves 
the  reaction  occurring  at  the  surface  of  the  crystals;  the  second, 
the  formation  of  stable  aluminum  nuclei,  and  the  third;  the  reaction 
occurring  at  the  Interface  between  the  A1H3-1451  and  the  alvimlnvim 
metal.  Photomicrographs  of  the  nucleatlon  and  growth  processes 
which  occur  during  the  decomposition  of  aluminum  hydride  have  been 
.obtained.  It  Is  now  believed  that  different  mechanisms  are  opera¬ 
tive  during  the  decomposition  of  AIH3-I45I.  One  mechanism  Involves 
the  formation  of  additional  nuclei  by  chain  branching,  while  a 
second  Involves  only  the  formation  of  fresh  nuclei  on  the  surface. 
Decomposition  may  then  occur  either  by  a  two-dimensional  growth 
which  rapidly  covers  the  surface  with  a  layer  of  aluminum,  or  It 
may  proceed  three-dlmenslonally  without  surface  growth  from  the 
single  nucleus  site  originally  formed. 

(C)  A  working  hypothesis  Is  proposed  to  describe  the  occur¬ 
rence  of  the  Initiation  of  decomposition  In  the  A1H3-1451  lattice. 
This  process  Is  currently  thought  to  invoive: 

(1)  A  diffusion  process  involving  the  diffusion  of 

a  non-equlllbrlum  concentration  of  anion  vacancies 
through  the  hydride  by  a  vacancy  transfer  mechanism. 

(11)  The  formation  of  germ  nuclei  by  capture  of  electrons 
by  the  vacancies  at  the  surfaces  or  grain  boundaries. 

(ill)  The  coalescence  of  germ  nuclei  to  form  active  growth 
nuclei. 

(C)  This  proposed  hypothesis  explains  the  observed  difference 
In  th^  decomposlLlon  rates  of  the  deuterlde  vs.  the  hydride,  and 
suggests  explanations  for  the  otner  aspects  of  aluminum  hydride 
chemistry  such  as  solution  stability,  surface  treatments,  and 
coloring  of  the  hydride. 

(C)  The  use  of  various  doping  agents  to  Increase  the  stability 
of  AIH3-I45I  was  Investigated.  Experience  demonstrated  that  the 
doping  agent  must  be  carefully  chosen  If  the  element  Is  to  be 
Incorporated  Inco  the  hydflde  crystal  lattice.  It  appears  that 
the  principal  criterion  Is  the  solubility  of  the  doping  agent  In 
the  ether-benzene  solution.  The  presence  of  large  amounts  of 
reducing  hydrides  In  the  system  restricts  the  additives  to  metals 
with,  a  high  oxidation  potential.  Calcium,  magnesium,  and  gallium 
were  Incorporated  Into  the  hydride  lattice  In  the  highest  per¬ 
centages.  Phosphorus,  germanium,  chromium,  Iron,  nickel,  tltanlvim, 
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strontium,  and  barium  were  also  examined,  but  the  experiments  were 
unsuccessful  In  Incorporating  amounts  greater  than  0.1^.  None  of 
the  additives  exhibited  stabilization  of  AIH3-1451  superior  to 
that  observed  with  magnesium. 

(c)  It  has  been  discovered  that  symmetrical  dlethyldlphenyl- 
urea,  designated  ethyl  centrallte  (a  stabilizer  for  nitrocellulose), 
stabilizes  AIH3-1451  at  elevated  temperatures  In  a  unique  manner. 

The  presence  of  this  material  during  decomposition  has  been  found 
to  essentially  stop  the  decomposition  of  the  hydride  at  approxi¬ 
mately  50^-  This  stabilization  phenomenon  appears  to  be  associated 
In  some  manner  with  the  phenyl  groups  present  In  the  molecule. 

A  screening  program  of  various  compounds  containing  phenyl  groups 
which  might  act  as  stabilizers  for  A1H3-1451  was  Initiated.  The 
most  effective  stabilizer  In  this  class  discovered  to  date  Is 
dlphenylacotylene  (DPa).  The  length  of  the  Induction  period  was 
extended  sixty-fold  at  100‘’C.  The  rate  of  decomposition  of  a 
freshly  prepared  magnesium-doped  hydride  sample  at  60“C.  with  DPA 
has  exhibited  only  0.6%  decomposition  In  50  days.  Preliminary 
results  Indicate  DPA  Is  a  more  effective  stabilizer  for  magnesium- 
doped  material  than  for  normal  hydride. 

(C)  A  number  of  ma  croc  crystal  line  alimilnum  hydride  samples 
have  been  under  long-term  storage  surveillance  at  ambient  tempera¬ 
ture  and  at  -15  “C.  from  1.3  to  2.6  years.  In  addition,  sir  lots  are 
being  evaluated  at  40*’C.  The  samples  are  routinely  checked  by 
carbon  and  hydrogen  analysis  to  detemlne  percent  decomposition 
and  by  the  Tallanl  test  at  60*’C.  to  determine  changes  In  thermal 
stability  with  age.  During  this  surveillance  less  than  1%  decompo¬ 
sition  has  been  detected  at  ambient  temperature  and  essentially 
no  decomposition  at  -15°C.  After  97  days'  storage  at  4o°C.,  the 
sample  exhibited  an  average  ox'  2.05^  decomposition. 

(c)  Periodic  examination  of  the  samples  by  the  Tallanl  test 
at  60°C.  has  Illustrated  an  aging  phenomenon.  In  which  the  thermal 
stability  of  the  hydride  does  not  always  decrease  but  often  Increases 
In  stability  with  ulme.  One  lot  of  normal  hydride  yielded  nearly 
a  three-fold  Improvement  In  thermal  stability  during  a  storage 
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(c)  Magneslxim-doped  hydride  samples  have  also  been  evaluated 
by  the  Tallanl  test  at  60‘’C.  and  found  to  exhibit  the  same  aging 
phenomenon.  Laboratory  samples  stored  at  -15°C.  for  a  period  of 
about  five  months  showed  a  three-  to  four-fold  Improvement  In 
stability.  One  sample  reached  70  days  before  decomposing  1%  at 
SO^C.  This  aging  phenomenon  appears  to  be  a  characteristic  of 
magne slim- doped  material.  It  has  been  found  that  the  concentra¬ 
tion  of  magnesium  does  not  correlate  with  the  degree  of  stability 
Improvement  upon  storage;  however.  It  has  been  found  that  the 
total  amount  of  gassing  during  the  first  day  does  roughly  correlate 
with  the  degree  of  Improvement  during  aging. 

(C)  The  stabilities  currently  being  obtained  from  magnesium- 
doped  samples  at  lOO^C.,  as  measured  by  a  pressure  transducer,  have 
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been  remarkable,  as  samples  remain  at  low  levels  of  decomposition 
for  days.  In  several  samples  the  normal,  characteristic,  slgmold- 
shaped  decomposition  curve  Is  not  present  but  Is  preceded  by  an 
Initial  decomposition  and  Induction  period  before  accelerating 
Its  rate  as  normally  expected. 

(C)  The  effect  of  oxygen  and  water  on  the  preparation  and 
stability  of  aluminum  hydride-1451  was  examined.  The  development 
of  equipment  to  remove,  analyze,  and  monitor  the  oxygen  and  water 
content  has  allowed  the  systematic  study  of  these  contaminants. 

A  system  was  developed  so  that  a^'y  dry  box  or  line  nitrogen  could 
be  simultaneously  monitored  for  oxygen  and  water  concentration  In 
a  matter  of  minutes.  Molecular  sieves  and  Dow  "Q"  Catalyst  were 
found  to  be  most  effective  for  the  removal  of  water  and  oxygen, 
respectively. 

(C)  It  was  discovered  that  magnesium-doped  materials  prepared 
under  water-  and  oxygen-free  conditions  were  not  as  stable  as 
originally  observed.  The  stability  of  the  hydride  prepared  under 
these  conditions  again  Increased  as  magnesium  concentration 
Increased,  but  the  magnitude  of  Improvement  was  rot  quite  as  great 
as  originally  observed.  The  preparation  of  magnesium-doped  AlHa- 
1451  under  an  anhydrous  nitrogen  atmosphere  containing  10,000  ppm 
oxygen  gave  the  same  stabilities  as  those  obtained  under  oxygen- 
and  water-free  conditions.  Experimentation  under  controlled 
moisture  conditions  demonstrated  that  water,  in  addition  to 
magnesium.  Is  playing  the  major  role  In  determining  this  relation¬ 
ship.  The  original  relationship  between  magnesium  concentration 
and  stability  was  duplicated  under  these  conditions. 

(C)  The  effect  of  surface  hydrolysis  on  the  stability  of 
AIH3-145I  was  Investigated.  An  attempt  was  made  to  determine  the 
amount  of  surface  oxidation  necessary  to  effectively  Improve 
stability.  Little  additional  stability  Improvement  of  the  hydride 
was  gained  by  surface  hydrolysis  in  excess  of  0.1^.  Electron 
diffraction  studies  of  the  surface  at  this  level  of  oxidation,  as 
well  as  the  samples  possessing  correspondingly  larger  amounts  of 
oxygen,  showed  It  to  be  completely  araorphou?.  Changes  In  elemental 
ar.aly3i3  as  a  function  of  the  degree  of  hydrolysis  showed  that  a 
small  but  definite  change  In  elemental  analysis  occurs  for  small 
degree  of  surface  hydrolysis.  A  maximum  two-fold  Improvement 
In  thermal  stability  has  been  observed  after  treatment. 

(C)  The  surfaces  of  the  samples  currently  under  long-term 
suin/^elllance  were  examined  by  electron  diffraction.  Bayerlte 
(aluminum  hydroxide),  Y-  or  ri-alumlnum  oxide,  and  amorphous  surfaces 
were  noted.  Because  of  the  hydrophilic  nature  of  the  surface  of 
aluminum  hydride,  upon  storage  it  apparently  develops  a  surface  of 
oxides  (AlzOa),  oxy-hydroxldes  (AIOOH),  and  hydroxides,  A1(0H)3, 
varying  In  degree  of  molecular  order  from  completely  amorphous  to 
crystalline  AlgOa. 

(C)  The  reactions  of  lithium  aluminum  hydride,  lithium  boro- 
hydrlde,  and  aluminum  hydride  were  examined  Independently  with 
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oxygen.  Oxygen  remo’^es  llthlim  aluminum  hydride  from  solution  by 
precipitation  of  an  amorphous  solid.  No  precipitate  formed  wnen 
oxygen  was  bubbled  through  a  binary  solvent  containing  lithium 
borohydrlde.  After  the  solvent  was  stripped  away,  a  solid  residue 
was  obtained  and  Identified  by  X-ray  analysis  as  an  unknown 
pattern  (1476).  ^ 

(C)  When  a  limited  amount  of  oxygen  was  bubbled  through  an 
aluminum  hydride  ether  solution,  a  white  precipitate  formed.  This 
material  was  very  reactive  to  water  and  amorphous  to  X-ray.  Infra¬ 
red  and  elemental  analyses  have  Indicated  a  solvated  material  with 
a  ratio  of  A1  to  H  to  0  of  1:1:1. 

(C)  A  series  of  samples  doped  with  various  amounts  of  magnesium 
was  evaluated  by  X-i*ay  on  an  AEG  Gulnler  type  focusing  camera  wltn 
aluminum  as  the  reference  to  evaluate  changes  In  the  unit  cell 
dimensions  of  the  hydride.  The  lattice  constants  a  and  c  were  found 
to  Increase  as  the  magnesium  concentration  Increased.  Both  the  a 
and  c  lattice  constants  showed  approximately  the  same  percent 
expansion,  although  the  c  axis  changed  more  than  the  a  axis.  The 
unit  cell  expansion  was  found  to  be  nearly  a  linear  function  of 
the  percent  magnesium  Incorporated  Into  the  lattice. 

(C)  A  measurement  of  the  activation  energy  for  the  accelera¬ 
tion  period  of  the  decomposition  of  magnesium-doped  hydride  samples 
containing  approximate^  2%  magnesium  has  yielded  activation 
energies  of  35*8  kcal./mole. 

(U)  The  accuracy  of  the  modified  Tallanl  apparatus  Is  currently 
being  examined  by  comparing  the  measured  decomposition  rate  with 
that  measured  by  a  pressure  transducer  apparatus.  Some  differences 
In  decomposition  rates  are  currently  being  observed,  but,  due  to 
the  preliminary  data,  no  conclusions  can  be  drawn, 

(C)  Ihe  crystal  structure  of  AIH3-145I  has  been  further 
elucidated.  A  rhombohedral  lattice  proposed  by  J.  R.  C.  Duke  Is 
discussed  and  compared  with  Dow's  previously  proposed  hexagonal 
unit  cell.  A  close  relationship  was  found  to  exist  between  Duke's 
structure  of  AIH3-1451  and  that  of  aluminum  metal.  The  X-ray  and 
neutron  powder  diffraction  paLLeivis  ai’e  given  for  both  Alii3-i4bi 
and  AID3-I45I.  The  unit  cell  dimensions  for  AIH3-145I  and  AID3- 
1451  had  been  refined  using  Prevel's  method  of  axial  ratios. 

Results  from  analysis  of  the  above  data  show  that  Duke's  structure 
Is  correct  with  respect  to  the  alminum  atoms  but  Is  not  acceptable 
with  respect  to  the  hydrogen  atoms.  Data  show  the  unit  cell  to 
be  twice  the  value  originally  reported  and  of  the  higher  symmetry 
space  group  r5c.  Diagrams  depicting  the  unrefined  structure  of 
aluminum  hydride  are  shown. 

(C)  An  examination  of  AlHs-l?!?  oy  single  crystal  techniques 
has  suggested  that  It  crystallizes  In  the^orthorhomblc  system 
having  unit  cell  dimensions  of  a  =  8.66I  A,  b  =  9.923  X,  c  » 

12.755  A. 
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(C)  A  study  encompassing  the  stability,  compatibility,  formu- 
latablllty.  and  aging  characteristics  of  double  base  and  composite 
propellant  systems  containing  AIH3-1451,  fuel  Is  discussed.  Normal 
hydride,  as  well  as  some  of  the  most  recently  synthesized.  Improved 
AIH3-1451,  was  evaluated. 

(C)  Formulation  and  compatibility  studies  have  Indicated  the 
relative  compatibility  of  AIH3-1A51  with  the  different  propellant 
Ingredients.  Epoxies  and  BDNPA,  bls(2,2-dlnltropropyl)acetal, 
were  found  to  Increase  the  rate  of  decomposition  of  the  hydride 
when  compared  with  the  neat  AIH3-1451,  but  nitrocellulose  (which 
contained  ethyl  centrallte)  and  other  nltro  esters  (e.g.,  TMETN) 
exhibited  a  stabilizing  Influence. 

(C)  Long-term  aging  studies  of  double  base  propellant  at  25*0. 
and  4o®C.  were  also  conducted  c..  larger  samples,  l/4-lb.  motors  and 
l/5-lb.  slabs,  stored  In  surveillance  bombs.  Periodically,  analyses 
were  made  of  the  gas  In  these  bombs  tc  determine  the  onset  of  de¬ 
composition.  Gas  analysis  showed  a  slow  generation  of  Ng  and  Oa 
In  addition  to  hydrogen.  Carbon  dioxide  was  also  found  to  be 
generated  In  greater  amounts  from  AIH3-1451  propellant  when  com¬ 
pared  with  the  aluminum  propellant. 

(C)  Surveillance  studies  have  provided  decomposition  rates  of 
A1H3-1^1  In  double  base  prouellanl  of  approximately  0.001125^  per 
day  at  25*’C.  after  125  days,  and  0.005^  per  day  at  ^O^C.  after 
100  days.  If  the  gassing  rate  remained  nonntant  at-,  thege  values, 
the  hydride  would  be  expected  to  exhibit  0.4^6  decomposition  per 
year  of  2$^  decomposition  In  five  years  at  25®C.  At  40'’C.  the 
hydride  should  show  1.1^^  decomposition  per  year  or  5*5/^  decomposi¬ 
tion  In  five  years. 

(C)  In  addition,  examination  of  propellant  samples  for  ballistic 
and  physical  property  study  has  given  some  Insight  Into  the  aging 
characteristics  of  the  propellant.  A  slight  hardening  and  embrlttle- 
jnent  of  the  AIH3-1451  double  base  propellant  occurred  with  age,  but 
voids  formed  In  the  propellant  by  decomposition  of  the  A1H3-1451 
were  not  observed. 

(C)  A  procedure  has  been  developed  for  recovering  the  AIH3- 
1451  from  a  cured  propellant  sample  for  double  base  propellant. 

A  solvent  Is  used  to  remove  the  other  Ingredients,  leaving  the 
Insoluble  crystals  of  AIH3-1451.  Analytical  results  from  the 
recovered  AIH3-1451  Indicate  that  a  coating,  consisting  of  oxides 
of  nitrogen,  has  formed  on  the  surface  of  the  AIH3-I451. 

(C)  A  study  of  the  Intermediates  and  combustion  products  of 
aluminum  hydride  and  beryllluim  hydride  using  flash  heating  and 
spectrographlc  analysis  to  determine  short-lived  atomic  and  molec¬ 
ular  species  Is  presented.  Equipment  was  designed  to  provide 
maximum  resolution  and  Identification  of  short-lived  species. 

(c)  The  first  decomposition  kinetic  studies  of  alamlnum 
hydride  by  flash-heating  have  been  performed.  The  existence  of 
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AlH  and  hydrogen  In  the  flash  deconposltlon  of  AIH3-1451  In  a 
vacuum  has  been  verified.  A  discussion  of  proposed  thermodynami¬ 
cally  favored  decomposition  reactions  Is  given. 

(C)  The  pyrolytic  decomposition  of  BeH2  has  been  studied  at 
2475^0.  The  Initial  step  Is  the  removal  of  a  hydrogen  atom. 

BeHa  -^>  BeH  +  H 

Subsequent  reactions  are  radical-radical  Induced,  and  lead  to  the 
final  products,  beryllium  metal  and  hydrogen.  The  reaction  Is 
the  same  In  nitrogen  or  vacuum. 

(C)  llie  BeH  molecule  at  2500®K.  was  found  to  lose  an  electron 
forming  the  charged,  seemingly  stable,  Belf*’  species.  It  Is  sug¬ 
gested  that  the  BeH+  species  may  be  responsible  for  low  motor 
efficiencies  when  using  BeHa  as  a  fuel. 

(C)  The  reactions  of  BeHa  with  O2,  CO,  and  CI2  at  2450“-2500"K. 
have  been  examined  by  flash-heating,  and  results  are  discussed. 

B.  OXIDIZER  SYNTHESIS  (U) 

(C)  A  new  product  has  been  prepared  by  the  reaction  of  trla-I 
with  nltroform.  This  product,  (FaNj3C-NH-C-C(N0a)3  and/or 

0  0  0 

(PaN)3C-NH-C-0-ll*C(N02)2,  Is  a  viscous  liquid  with  a  high  boiling 
point.  Its  shock  sensitivity  level  Indicates  that  It  may  be  useful 
as  an  oxidizer  In  Itself,  or  as  a  plasticizer  In  high  energy  propel¬ 
lants. 

(C)  Many  reactions  have  been  carried  out  to  obtain  trls-lonlc 
solids  by  displacement  of  the  bromine  from  trls-bromlde.  In  one 
of  these  studies,  oximes  were  found  to  displace  the  bromine. 

However,  the  concurrent  loss  of  a  fluorine  from  a  nitrogen  occurred, 
so  that.  In  effect,  a  PPG  adduct  was  formed.  This  reaction  sequence 
was  not  observed  by  the  Infrared  studies;  however,  NMR  spectra 
conclusively  proved  that  the  structure  of  the  product  with 
a  variety  of  oximes  was  (P2N)2-C(NHP)-0-J^CR2. 

(C)  Typical  nucleophilic  displacement  reactions  could  not  be 
effected  on  trls-bromlde  with  retention  of  the  trls  structure. 
However,  when  trls-Br  was  treated  with  peroxydlsulfuryl  dlfluorlde, 

( P2N)3C-0S02P,  was  formed.  The  transformation  of  this  product  (l) 
by  fluorlnatlon  Into  trls-OP  or  (2)  by  hydrolysis  Into  trls-OH 
did  not  prove  buccessful. 

(C)  Reactions  designed  to  transform  trls- A  Into  trts-N02  by 
oxidation  were  unsuccessful,  as  were  the  transformations  of  PPG 
to  trls-OH,  trls-OP,  etc. 

(C)  The  fluorlnatlon  of  Inorganic  materials  was  undertaken 
to  prepare  oxidizers  containing  no  fuel  atom  such  as  carbon. 
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Although  a  variety  of  fluorlnated  materials  was  obtained,  none  of 
the  desired  products  was  observed. 

(C)  Ihe  study  on  the  role  of  Impurities  In  the  sensitivity 
of  NP  compounds  was  concluded.  The  main  objective  of  this  work 
were  (l)  to  determine  the  degree  of  shock  sensitivity  of  NP 
compounds  and  (2)  to  ascertain  whether  Impurities  or  additives 
Increased  or  decreased  the  shock  sensitivity  of  NP  compounds. 

The  above  study  revealed  that  NP2  compounds  are  Inherently  sensi¬ 
tive  to  Impact.  Tills  censltlvlty  Increases  with  an  Increasing 
number  of  NP2  groups  per  carbon.  The  sensitivity  was  also  affected 
by  the  Impurities.  In  some  cases,  impurities  Increased  the  sensi¬ 
tivity  while.  In  other  cases,  they  decreased  the  sensitivity. 
However,  In  no  case  was  an  Impurity  or  additive  effective  In 
decreasing  the  sensitivity  to  a  level  for  utilization. 

C.  PHYSICAL  CHEHISTRY  ( U) 

(C)  Measured  heats  of  formation  are  reported  for  the  following 
compounds : 


Compound 


AH-  In  kcal./mole 

I  P3B  _ 


NPs  (g) 

-51.2 

A1(BH4)3  (g) 

-12.4 

Hyballne  A-4  (1) 

-57.9 

C2P8  (radical)  (gas) 

-518.2 

CPs  (radical)  (g) 

-112.6 

INPO-655P  (c) 

-114.8 

BTU  (c) 

-59.6' 

-66.7' 

-75.7' 

(a)  Taking  data  for  HP'  (aq)  from  NBS  Circular  5OO, 

(b)  from  NBS  Technical  Note  270-1,  and  (c)  current 
''hf»st  value"  selected  In  this  report. 

(U)  High  temperature  enthalpies  were  measured  for  allotroplc 
forms  of  beryllium  chloride  from  15°-750°K.  Heat  of  fusion  of  the 
a  form  at  688®K.  was  found  to  be  2OJ0  ±  60  cal. /mole. 

(U)  The  enthalpy  of  aluminum  has  been  measured  primarily  to 
detemlne  the  heat  capacity  of  liquid  aluminum  which  was  found 
to  be  constant  at  7.59  cal. /(mole  °K.)  from  955®-l650°K. 

(U)  The  enthalpy  and  heat  capacity  of  solid  aluminum  ai’e 
believed  to  be  slightly  higher  near  the  melting  point  than 
previously  evaluated  data  Indicated.  The  heat  of  fusion  was 
found  to  be  256O  ±  50  cal. /mole. 
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(U)  Series  C, consisting  of  50  substances  of  the  Classified 
JANAP  Irbies  f  Propellant  Ingredients,  was  Issued  In  April,  I965. 
Series  D,  consisting  of  50  substances,  was  completed  by  the  end 
of  December,  I965,  for  comment  by  the  reviewers. 

(U)  Pour  supolements  to  the  JANAP  Ihermochemlcal  Tables  (Nos. 
16,  17,  18  and  19}  were  mailed  to  the  users  and  one  additional 
supplement  (No.  20)  was  prepared  for  comment.  The  JANAP  Themo- 
chemlcal  Tables,  complete  through  Supplement  No.  17,  were  published 
for  public  sale  by  the  Clearinghouse  for  Pederal  Scientific  and 
Technical  Information. 

D.  BIOCHEMICAL  RESEARCH  ( U) 

(u)  The  personnel  of  the  Biochemical  Research  Laboratory 
continue  to  be  available  as  consultants  In  Industrial  Hygiene, 
Toxicology,  and  P^lamacology  to  the  Scientific  Projects  laboratory. 
A  study  of  the  effectiveness  of  rubber  gloves  as  a  barrier  to  skin 
contact  by  TAZ  and  THA  la  reported. 

(u)  The  major  emphasis  of  the  Biochemical  Research  laboratory 
continues  to  be  the  toxicological  study  of  beryllium-containing 
materials.  IMa  research  la  directed  toward  obtaining  an  under¬ 
standing  of  the  fundamental  biological,  chemlcaj.  and  physical 
mechanisms  Involved  In  the  toxic  action  of  beryllium  and  Its  com¬ 
pounds  In  order  to  adequately  evaluate  the  relative  health  hazards 
presented  by  beryllium-containing  materials.  Including  exhaust 
products  from  motor  firings. 

(U)  The  chemical  and  physical  studies  have  been  centered  upon 
characterization  of  several  key  samples  of  beiylllum  oxide.  So 
far  as  possible,  these  same  procedures  and  techniques  have  been 
used  In  the  characterization  of  four  samples  of  exhaust  products 
from  motor  firings  received  In  October  from  the  Aerospace  Medical 
Research  Laboratories,  Wright- Patters on  Air  Porce  Base,  Ohio. 

(U)  The  biological  Investigations  have  been  centered  upon  the 
study  of  animals,  treated  Intratracheally  with  well-characterized 
samples  of  beryllium  oxide.  In  order  to  determine  the  nature  of 
the  chronic  lung  disease  In  animals.  Including  the  cellular  and 
biochemical  changes  that  take  place  during  the  course  of  the 
disease . 

(U)  Hlstopathologlcal  examinations  of  the  lungs  show  very 
clearly  a  distinct  difference  In  the  biological  response,  depending 
upon  the  oxide  administered.  Thus,  lungs  from  rats  treated  with 
beryllium  oxide  calcined  at  SOO^C.  show  a  widely  dispersed  focal 
pneumonitis  of  granulomatous  nature,  with  the  development  of 
tmors  after  several  months.  In  contrast,  lungs  from  rats  treated 
with  the  oxide  calcined  at  l600*’C.  show  minimal  pathological 
effects,  similar  to  those  Induced  by  relatively  non-hamful  "inert" 
dusts. 
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(  ( U)  Furthermore,  tissues  from  rats  that  received  the  oxide 

'  calcined  at  500“C.  contain  considerable  beryllium  and  the  concen¬ 

tration  of  beryllium  tends  to  Increase  with  length  of  time  on  the 
f  experiment,  while  In  the  tissues  from  the  rats  that  received  the 

t  oxide  calcined  at  l600‘’C.,  the  beryllium  concentration  Is  slightly 

above  control  values.  Studies  are  continuing  to  Investigate  more 

[fully  the  mode  of  translocation  of  beryllium  In  the  body  and  Its 
mechanism  of  action. 

( U)  The  long-term  studies  on  rats  and  rabbits  using  key 
j  samples  of  beryllium  oxide  are  continuing  satisfactorily.  Pilot 

I  studies  also  are  under  way  on  selected  samples  of  beryllium  oxide 

calcined  at  temperatures  Intermediate  between  500“  and  l600“C. 
r  Included  In  this  pilot  study  are  samples  of  beryllium  hydroxide, 

j  a  sample  of  "'fused  beryllium  oxide",  and  oerylllum  metal.  Recently, 

a  limited  study  was  started  on  the  four  samples  of  exhaust  products 
,  from  motor  firings  received  from  Wrlght-Patterson  Air  Force  Base. 

‘  (U)  All  of  the  laboratory  work  carried  out  to  date  demonstrates 

a  definite  gradation  In  the  biological  activity  of  beryllium  oxide 

[samples  and,  further,  a  striking  correlation  between  their  biologi¬ 
cal  activity  and  their  chemical  and  physical  properties.  The 
successful  completion  of  this  study  should  furnish  the  basic  Infor- 

[matlon  necessary  to  more  fully  evaluate  the  relative  health  hazards 
presented  by  beryllium-containing  materials.  Including  exhaust 
products  from  motor  firings. 

L 
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SECTION  III 
(U)  FUELS  SYNTHESIS 


Work  Ey:  P.  M.  Brower,  R.  D.  Daniels,  N.  E.  Matzek,  R.  V.  Petrella, 
J-,  J.  Plomer,  P.  P.  Relgler,  C.  B.  Roberts,  J.  M.  Self, 
and  J.  A.  Snover. 

(C)  Research  In  the  fuels  area  during  19^5  has  been  concen¬ 
trated  on  the -studies  of  aluminum  hydride.  The  research  effort 
has  stressed  fundamental  stability  and  crystallization  studies  with 
the  goal  of  obtaining  a  product  having  Improved  properties  for 
storage  and  use  as  a  solid  rocket  propellant  Ingredient. 

A.  PUNDAMENTAL  CRYSTALLIZATION  STUDIES  ON  ALUMINUM  HYDRIDE  (c) 

1.  Solution  Stability  and  Chemistry  Studies  ( u) 

(C)  Solution .stability  and  chemistry  studies  were  performed 
to  determine  optimum  conditions  for  the  direct  crystallization  of 
aluminum  hydride  as  the  1451  polymorphic  phase.  It  was  expected 
that  the  product  obtained  In  this  manner,  without  undergoing  solid 
state  phase  transition,  would  be  composed  of  more  nearly  perfect 
crystals  and  would  thus  possess  greatly  Improved  physical  amd  chem¬ 
ical  properties. 

a.  Molecular  Weight  Studies  of  Soluble  Ali^lnum  Hydride,  Lithium 

Aluminum  Hydride,  and  Lithium  Borohydrlde  ( c) 

(C)  Aluminum  hydrlde-l45i  Is  generally  produced  in  our  lab¬ 
oratory  by  ci^stclllzatlon  from  boiling  ether-benzene  mixtures 
vrtilch  contain  lithium  aluminum  hydride  and  lithium  borohydrlde  as 
additives.  The  molecular  weight  studies  of  the  aluminum  hydride 
system  and  equipment  used  were  a  continuation  of  the  data  pre¬ 
viously  reported  (l).  ITiese  studies  have  Indicated  an  Increase 
In  the  average  molecular  weight  of  aluminum  hydride  on  the  addition 
of  lithium  aluminum  hydride  and  lithium  borohydrl^’e  to  the  system. 
SUbseniiently,  the  effect  of  each  constituent  on  aluminum  hydride 
In  solution  was  studied  Independently  and  Is  reported  below. 

(l)  Molecular  Weight  Studies  of  Soluble  Aluminum  Hydride 
and  Lithium  Aluminum  Hydride  ("cl 

(C)  The  degree  of  association  between  aluminum  hydride 
and  lithium  aluminum  hydride  was  determined  by  sbulllometry,  and 
from  these  measurements  the  average  molecular  weights  of  mixtures  . 
of  the  two  hydrides  dissolved  In  diethyl  ether  were  calculated. 

The  aluminum  hydride  concentration  was  maintained  at  a  constant 
value  of  0.25  M  and  the  llthliin  aluminum  hydride  concentration 
was  varied  from  0  to  1.5  M.  The  experimental  results  are  sum¬ 
marized  In  Plgures  1  and  2.  The  data  In  Plgure  1  show  that  the 
boiling  point  of  a  mixture  deviated  considerably  from  the  expected 
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theoretical  curve  obtained  by  assuflrlng  no  association  existed  be¬ 
tween  the  two  hydrides.  There  was  no  sharp  break  or  change  In  the 
slope  of  the  experimentally  obtained  lithium  aluminum  hydride  and 
aluminum  hydride  curve.  Indicating  no  formation  of  a  simple  com¬ 
plex  having  a  low,  whole  number  mole  ratio  of  lithium  aluminum 
hydride  to  aluminum  hydride.  The  degree  of  association  of  lithium 
aluminum  hydride  -  aluminum  hydride  solution  compared  to  lithium 
aluminum  hydride  and  aluminum  hydride  separately  as  a  function  of 
molarity  Is  shown  In  Figure  2.  It  Is  observed  that  the  presence 
of  lithium  aluminum  hydride  In  a  0.25  M  AlHs  solution  Increases 
the  size  of  the  molecular  species  present  In  solution;  however. 

It  Is  not  known  If  the  association  represents  association  between 
lithium  aluminum  hj"'rlde  and  alumlniim  hydride  or  Increased  asso¬ 
ciation  of  lithium  aluminum  hydride,  or  aluminum  hydride  due  to 
the  presence  of  the  oth  or  a  combination  of  the  two. 

(2)  Molecular  Weight  Studies  of  Soluble  Aluminum  Hydride 

and  Lithium  Borohydrlde  ("cl 

(C)  A  similar  study  to  that  described  In  Section  (l)  for 
lithium  aluminum  hydride  was  made  with  lithium  borohydrlde.  The 
aluminum  hydride  concentration  was  again  maintained  at  0.25  M  and 
the  lithium  borohydrlde  concentration  varied  from  0  to  0.82  M.  In 
contrast  to  the  aluminum  hydride  -  lithium  aluminum  hydride  system, 
the  boiling  point  elevation  of  the  two  was  nearly  additive,  as 
shown  In  Figure  ?.  Therefore,  It  is  concluded  that  only  a  slig.ht 
association  takes  place  between  aluminum  hydride  and  lithium  boro¬ 
hydrlde  In  ether  solution  over  the  concentration  range  and  tem¬ 
perature  studied. 

b.  Solubility  Studies  of  Lithium  Aluminum  Hydride,  Lithium  Boro- 

hydride,  and  Aluminum  Hydride  In  Diethyl  Ether  -  Benzene  Sol¬ 
vent  Systems  { (3) 

(C)  Two  different  processes  are  used  by  The  Dow  Chemical 
Company  for  the  production  of  macrocrystalline  aluminum  hydride- 
1451.  The  first  Is  the  "batch"  process  which  Involves  the  pre¬ 
cipitation,  desclvatlon  and  conver.sioti  uf  a  definite  amount  of 
aluminum  hydride  from  a  diethyl  ethet*  -  benzene 'solution  containing 
a  fixed  mole  ratio  of  mixed  hydrides.  The  second  Is  the  "continuou 
process  In  which  a  dilute  stoichiometric  solution  of  aluminum  hy¬ 
dride  Is  continuously  added  to  a  diethyl  ether  -  benzene  solution 
containing  mixed  hydrides.  The  solubilities  of  lithium  aluminum 
hydride,  lithium  borohydrlde,  and  aluminum  hydride  have  been  meas¬ 
ured  and  described  for  both  systems.  In  the  following  work  the 
term  "solubility"  Is  vised  in  a  broad  sense  to  express  the  eimount 
of  hydride  or  mixed  hydrides  In  solution,  realizing  that  in  some 
cases  equilibrium  conditions  do  not  exist.  'The  solubilities  of 
lithium  aluminum  hydride,  lithium  borohydrlde,  and  alujiilnura  hy¬ 
dride  in  a  hot  solution  of  diethyl  ether  and  benzene  were  deter¬ 
mined  according  to  the  following  procedure. 
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(C)  A  conversion  solution  composed  of  the  various  ingredients 
was  placed  in  a  three-neck, one-liter  flask  connected  to  a  distilla¬ 
tion  column.  The  flask  was  heated  by  an  oil  bath  and  the  contents 
of  the  flask  stirred  mechanically.  A  filtering  stick  placed  in  the 
flask  was  then  attached  to  a  250  ml.  flask  through  an  appropriate 
adapter.  When  necessary,  an  additional  funnel  was  also  connected 
to  the  system  containing  a  0.3  M  solution  of  aluminum  hydride  in 
diethyl  ether. 

(C)  The  oil  bath  was  heated  until  the  contents  of  the  flask 
were  under  a  total  ether  reflux.  The  diethyl  ether  was  removed  by 
distillation  until  the  desired  solution  temperature  in  the  range 
of  75‘’-78‘’C.  was  obtained.  After  reaching  this  temperature,  the 
column  was  returned  to  total  reflux  and  the  conversion  solution 
sampled  for  soluble  lithium  aluminum  hydride,  lithium  borohydrlde, 
and  aluminum  hydride  as  described  below. 

(U)  A  hot  (llS^C.)  250  ml.  flask  was  then  attached  to  the 
sampling  apparatus.  After  the  flask  and  adapter  were  Isolated  from 
the  conversion  solution,  the  sampling  system  was  evacuated  and 
purged  with  nitrogen.  The  system  was  again  evacuated  and  opened  to 
the  conversion  solution.  After  collection  of  approximately  25  ml. 
of  solution,  the  sample  was  closed  to  the  conversion  solution  and 
again  filled  with  nitrogen.  The  flask  was  removed  and  a  20  ml. 
aliquot  of  hot  solution  was  then  analyzed  for  lithium,  aluminum 
and  boron.  Careful  assignment  of  each  constituent  In  the  material 
balance  gave  a  measure  of  the  solubility  of  each  component.  The 
solubility  values  were  then  plotted  In  mmoles/ml. 

(1)  Solubility  Studies  of  Hydrides  In  the  Batch  Process  (U) 

(U)  The  solubilities  of  lithium  aluminum  hydride,  lithium 
borohydrlde,  and  mixtures  of  these  compounds  In  the  binary  diethyl 
ether  -  benzene  solvent  system  were  previously  reported  ( l) .  It 
was  observed  that  the  solubilities  of  both  lithium  aluminum  hydride 
and  lithium  borohydrlde  In  the  binary  solvent  system  were  greatly 
Increased  due  to  the  presence  of  each  other  In  the  solution.  Such 
an  Increase  In  solubility  can  be  explained  by  association. 

(C)  Sine J  lithium  aluminum  hydride  and  lithium  borohydrlde 
associate  to  some  degree  In  the  benzene  -  diethyl  ether  solvent 
system  In  the  temperature  range  of  7^'’-79'’C.,  It  Is  necessauTy  to 
determine  whether  aluminum  hydride  also  associates  with  these  com¬ 
plex  hydrides.  The  measured  solubilities  of  lithium  aluminum  hy¬ 
dride,  lithium  borohydrlde,  and  aluminum  hydride  In  the  benzene  - 
ether  solvent  system  for  the  temperature  range  of  7^'’-79“C.  are 
shown  In  Figures  4,  5,  and  6.  These  temperatures  represent  boiling 
points,  and  each  temperature  represents  a  different  ratio  of  sol¬ 
vents  In  the  solvent  pair.  A  hydride  mole  ratio  of  1  lithium 
aluminum  hydride:  4  aluminum  hydride:  1  lithium  borohydrlde  was 
used  during  these  studies.  The  volume  of  benzene  and  diethyl  etli'‘r 
used  should  have  resulted  In  a  theoretical  solubility  of  26  x  10"^ 
mmoles/ml.  of  both  lithium  aluminum  hydride  and  lithium  borohydrlde 
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(C)  Pig.  4  -  Batch  Process  Solubility  Curves  of  Lithium 
Alumlnvua  Ffydrlde  and  Aluminum  I^drlde  at  Various 
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(C)  Pig.  6  -  Batch  P  oceaa  Solubility  Curves  of  Lithium  Aluminum 
Iftrdrlde,  Aluminum  Hydride  and  Lithium  Borohydrlde  In  a 
Mole  Ratio  of  1:4:1  at  Various  Temperatures  In  the 
Binary  Ether  -  Benzene  System 

-22- 

CONFIDENTIAL 


CONFIDENTIAL 


and  105  X  10"3  mmolea/ml.  of  aluminum  hydride  at  the  starting 
temperature  of  7^°C.  Variations  from  these  values  in  Figures  4,  5, 
and  6  represent  manipulation  and  recovery  errors.  The  typical 
solubility  curve  for  aluminum  hydride  in  the  presence  of  lithium 
aluminum  hyaride  is  illustrated  in  Figure  4.  The  aluminum  hydride 
also  causes  an  increase  in  the  solubility  of  lithium  aluminum  hy¬ 
dride  in  the  temperature  range  of  74‘’-76°C.  similar  to  that  ob¬ 
served  for  lithium  aluminum  hydride  in  the  presence  of  lithium 
borohydrlde.  It  should  also  be  noted  that  when  precipitation  of 
aluminum  hydride  is  initiated  at  76“C.  the  effect  of  time  on  the 
slope  of  the  curve  is  unknown.  If  maintained  at  76‘’C.  and  given 
time  to  equilibrate,  the  concentration  of  aluminum  hydride  may 
drop  to  the  sane  value  observed  at  77“C.  and  78°C. 

(C)  The  solubility  of  aluminum  hydride  in  the  presence  of 
lithium  borohydrlde  is  shown  in  Figure  5*  solubilities  of  both 

lithium  borohydrlde  and  aluminum  hydride  in  the  higher  temperature 
range  (76. 5°-79°C . )  are  markedly  increased,  and  the  temperature  of 
precipitation  (77-9°C.)  is  also  higher  than  observed  in  einy  pre¬ 
vious  system. 

(C)  Molecular  weight  studies  of  soluble  aluminum  hydride  and 
lithium  borohydrlde  in  diethyl  ether  have  shown  that  there  is  only 
a  slight  amount  of  association  between  lithium  borohydrlde  and  alu¬ 
minum  hydride.  Therefore,  it  is  concluded  that  the  increased 
solubility  of  aluminum  hydride  and  lithium  borohydrlde  ever  a 
higher  temperature  range  is  a  result  of  a  secondaiy  aol.vent.  effect . 

( C)  The  solubility  curve  for  aluminu.m  hydride  in  the  presence 
of  both  lithium  aluminum  hydride  and  lithium  borohydrlde  is  il¬ 
lustrated  in  Figure  6.  The  sharp  shoulder  on  the  aluminum  hy¬ 
dride  solubility  curve  at  76“C.  is  quite  real,  since  all  the  alu¬ 
minum  hydride  was  soluble  at  that  temperature,  but  precipitated 
almost  immediately  after  sampling.  This  abrupt  chauige  in  solubility 
at  the  temperature  of  precipitation  can  be  attributed  to  one  or 
both  of  two  factors: 

(1)  Dissociation  of  highly  complex  associated  molecules 
due  to  temperature. 

(11)  Precipitation  of  solids  from  a  super-saturated  solu¬ 
tion. 

(U)  The  boiling  range  described  in  these  studies  (74'’-79“C.)  is 
a  function  of  the  volume  percent  diethyl  ether  present  in  the  ben¬ 
zene  and,  therefore,  as  the  temperature  Increases  the  ether  con¬ 
centration  decreases.  Correspondingly,  with  respect  to  diethyl 
ether,  the  concentration  of  solids  increases  with  increasing  tem¬ 
perature  and  lower  ether  concentrations.  Thus,  if  precipitation 
is  solely  dependent  on  concentration,  systems  containing  higher 
dissolved  solids  per  given  volume  of  benzene  and  ether  should 
precipitate  prematurely  at  lower  temperatures. 
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fC)  Figures  7  and  8  show  the  solubility  curves  for  lithium 
aluminum  hydride,  aluminum  hydride,  and  lithium  borohydrlde  In  mole 
ratios  of  1:2:1  and  1:1:1.  It  can  be  seen  from  Figures  7  and  8 
that  neither  system  precipitated  early.  In  both  cases,  precipitation 
occurred  at  approximately  76°C.  The  amount  of  solids  present 
In  the  1:1:1  hydride  mole  ratio  system  Is  twice  that  In  the  1:4:1 
mole  ratio  for  any  given  temperature.  Therefore,  It  must  be  con¬ 
cluded  that  the  precipitation  phenomenon  Is  not  solely  a  function 
of  concentration,  but  may  Involve  a  temperature  dependent  complex. 

(C)  To  further  substantiate  the  concept  of  association  or 
complexatlon,  two  additional  hydride  mole  ratios  were  studied.  Tlie 
solubility  curves  for  lithium  aluminum  hydride,  aluminum  hydride, 
and  lithium  borohydrlde  In  mole  ratios  of  1:8:1  and  l:l6:l  are 
shown  In  Figures  9  and  10.  Aluminum  hydride  solubility  decreased 
gradually  In  the  temperature  range  of  76“-77“C.,  apparently  due 
to  the  smaller  concentrations  of  complex  hydride  additives  present. 
This  effect  was  most  pronounced  In  the  1:16:1  mole  ratio  system. 

The  sharp  shoulder  predominant  In  a  1:4:1  hydride  mole  ratio  sys¬ 
tem,  as  shown  In  Figure  6,  Is  no  longer  present.  Indicating  Insuf¬ 
ficient  associative  strength  and/or  decreased  solubility  over  the 
temperature  range  of  74“-77"C.  It  has  been  demonstrated  that 
more  well-defined  crystals  are  usually  obtained  using  the  higher 
hydride  mole  ratios.  The  data,  therefore,  suggest  that  a  gradual 
precipitation,  desolvatlon,  and  conversion  may  be  conducive  to 
crystal  growth  and  perfection  In  the  batch  process.  The  solubility 
of  aluminum  hydride  In  the  binary  solvent  has  also  been  measured 
and  a  aolubilily  curve  for  this  hydride  at  various  temperatures, 
Figure  11,  shows  that  It  varies  inversely  with  the  temperature. 

(C)  The  boiling  temperatures  (7^*-79®C.)  observed  In  these 
solubility  studies  are  a  function  of  the  volume  percent  diethyl 
ether  In  benzene;  thus.  It  Is  apparent  that  aluminum  hydride  sol¬ 
ubility  Is  not  solely  a  function  of  ether  concentration.  Con¬ 
sidering  the  ether  solvent  only,  data  from  the  ether-benzene  sol¬ 
ubility  studies  show  the  solubility  of  aluminum  hydride,  based 
on  the  ether  concentration  available  In  the  specified  temperature 
range,  extends  from  1.92  to  2.32  M.  Previous  Investigation  of  the 
solubility  of  aluminum  hydride  in  diethyl  ether  alone  has  shown 
that  the  concentration  of  aluminum  hydride  cannot  exceed  0.6  M 
without  relatively  rapid  precipitation  and  cannot  be  conveniently 
stored  at  ambient  temperatures  at  concentrations  greater  than 
0.3  M,  The  solubility  under  equllbrlura  conditions  appears  to  be 
about  0.2  M. 

(C)  The  data  thus  Indicate  that  the  solubility  of  aluminum 
hydride  In  ether -benzene  Is  a  function  of  the  binary  solvent  sys¬ 
tem  and  it  must  be  concluded  that  benzene  Is  more  than  Just  a 
simple  ‘-Uluent.  As  a  result  of  molecular  weight  and  solubility 
studies  the  following  conclusions  can  be  made: 
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Fig.  8  -  Batch  Process  Solubility  <Jurvea  of  Lithium  Aluminum 
Hydride,  Aluminum  Hydride  and  Lithium  Borohydrlde  in  a 
Mole  Ratio  of  1:1:1  at  Various  Tempera tui*es  in 
the  Binary  Ether  -  Benzene  System 
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(C)  Pig.  9  -  Batch  Process  Solubility  Curves  o?  Lithium  Alumlnm 
Hydride,  Aluminum  Hydride  and  Lithium  Borohydrlde  In 
a  Mole  Ratio  of  1:8:1  at  Various  Temperatures  In 
the  Binary  Ether  -  Benzene  System 
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(C)  Pig.  10  -  Batch  Process  Solubility  Curves  of  Lithium  Aluminum 
Hydride,  Aluminum  Hydride  and  Lithium  Borohydrlde  In  a 
Mole  Ratio  of  l:l6;l  at  Various  Temperatures  In 
the  Binary  Ether  -  Benzene  System 
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(C)  Pig.  11  -  Batch  Process  Solubility  Curve  of  Aluminum 
Hydride  at  Various  Temperatures  In  the 
Binary  Ether  -  Benzene  System 
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(l)  Lithium  aliamlnum  hydride  and  lithium  borohydrlde 
form  an  associated  molecule  in  ether-benzene  solu¬ 
tion,  thus  increasing  the  solubility  of  each  com¬ 
pound. 

(ll)  Lithium  aluminum  hydride  and  aluminum  hydride  also 
form  an  associated  molecule  in  the  binary  solvent. 

(ill)  Formation  of  these  associated  molecules  in  solution 
are  temperature-  and,  possible,  time-dependent. 

(iv)  The  dissociation  of  these  molecules  is  not  a  func¬ 
tion  of  solute-solvent  ratios. 

(v)  The  solubility  of  aluminum  hydride  in  the  ether-benzene 
solvent  is  temperature -dependent. 

(vl)  Lithium  borohydrlde  extends  the  solubility  of  aluminum 
hydride  over  a  higher  temperature  range.  This  extended 
solubility  is  believed  to  be  the  result  of  a  secondary 
solvent  effect  rather  than  association. 

(2)  Solubility  Studies  of  Hydrides  in  the  Continuous  Process  (U) 

(U)  Solubility  studies  in  the  continuous  crystallization 
process  Involve  an  entirely  different  situation  than  that  encoun¬ 
tered  in  the  solubility  studies  of  the  batch  process.  There  is  no 
longer  any  significance  to  the  particular  complex  hydride  mole 
ratio  used.  Baaed  upon  present  data,  there  would  be  no  time  in 
the  course  of  addition  in  the  continuous  process  at  which  the 
predetermined  mole  ratio  would  be  established. 

(C)  The  solubility  curve  shown  in  Figure  12  represents 
the  change  in  solubility  of  lithium  borohydrlde,  lithium  aluminum 
hydride,  and  aluminum  hydride  in  an  ether  -  benzene  system  as  a 
function  of  time  at  a  constant  temperature  of  The  aluminum 

hydride  is  continuously  added  and  ether  removed  at  an  approximately 
constant  rate  throughout  the  experiment. 

(C)  The  solubility  of  aluminum  hydride  .ihown  in  Figure 
1?  la  slightly  leas  t!ian  l/^  of  the  measured  solubility  in  the 
batch  nroccsn  illustratecl  in  Figure  •>.  Tiac  solubilities  of  lithium 
aluminum  hydride,  aluminum  hydride,  and  lithium  borohydridt  Just 
Prior  to  pr«ccipj  tatlon  indicate  •’  h-o-dridc  mole  ratio  of  approxl- 
nitely  1:?:1.  The  data  also  chou  that  after  precipitation  of  the 
aluminum  hydride  the  mole  ratio  changes  to  approximately  1:1:1. 

(C)  'ITie  significance  of  the  solubility  curve  shown  in 
Wgurc  12  in  not  in  the  maximum  solubility  of  aluminum  hydride 
prior  to  precipitation,  bnt  the  solubility  obseirved  In  the  post- 
prccloitatlon  region  of  the  curve.  It  Is  this  solubility  that 
permits  crystal  ?rowth  In  the  continuous  process. 
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(U)  The  role  of  lithium  aluminum  hydride  In  this  prcoess 
Is  not  fully  understood;  solubility  data  Indicate  that  not  all  of 
the  lithium  aluminum  hydride  added  Is  soluble.  The  significance 
of  this  observation  Is  further  discussed  In  Section  A. 2. a.  (2)  (e). 

(C)  Prom  similar  studies  at  different  temperatures  It 
has  been  shovm  that  the  solubilities  of  lithium  aluminum  hydride 
and  alUDilnum  hydride  In  the  post -precipitation  area  decrease  with 
Increasing  temperature.  The  solubility  of  lithium  borohydrlde 
appears  to  be  unaffected  by  temperature  except  at  those  above 
78®C.,  at  which  point  the  solubility  of  lithium  borohydrlde  also 
decreases,  probably  as  a  result  of  the  minimal  ether  concentration 
at  these  high  temperatures.  The  significant  factor  In  the  con¬ 
tinuous  process  Is  the  solubility  of  aluminum  hydride  In  the  post¬ 
precipitation  area  because  this  represents  the  amount  of  aluminum 
hydride  actually  available  for  crystal  growth.  Figure  15  sum¬ 
marizes  the  solubilities  of  lithium  aluminum  hydride,  lithium 
borohydrlde,  and  aluminum  hydride  In  ether-benzene  In  the  post¬ 
precipitation  area. 

(C)  Based  on  the  assumption  that  soluble  lithium  alu¬ 
minum  hydride  and  lithium  borohydrlde  are  necessary  for  crystal 
growth.  Figure  15  shows  that  the  affective  range  of  crystalliza¬ 
tion  would  lie  In  the  temperature  range  below  Above  this 

temperature  the  solubilities  of  lithium  aluminum  hydride  and  lithium 
borohydrlde  drop  off  sharply.  TIiC  problem  of  crystal  growth, 
however.  Is  not  a  matter  of  simple  solubility  but  also  involves 
proper  nucleatlon,  feed  rate,  and  residence  time. 

(a)  Solubility  of  Lithium  Borohydrlde  and  Aluminum  Hydride 

In  Diethyl  fither-Benzene  at  Constant  Temperature  (C) 

(C)  Molecular  weight  studies  have  shown  that  there  appears 
to  be  little.  If  any,  association  between  lithium  borohydrlde  and 
aluminum  hydride  in  an  ether  solution.  To  determine  whether  this 
condition  exists  In  the  ether-benzene  binary  mixture  and  to  clarify, 
If  possible,  the  role  of  llthl'um  borohydrlde  In  the  continuous 
process,  the  solubilities  of  lithium  borohydrlde  and  aluminu-m  hy¬ 
dride  In  the  binary  solvent  were  measured  at  several  temperatures. 

The  results  obtained  at  T6°C.  are  shown  In  Figure  l4. 

(C)  The  Initial  lithium  borohydrlde  concentration  at 
ambient  temperature  was  approximately  15  x  10”^  mmoles/ml.  of  so¬ 
lution.  The  same  ar.iount  of  aluminum  hydride  (80  mmoleo)  was  added 
to  this  solution.  If  all  the  alximlnum  hydride  remained  soluble,  a 
maximum  solubility  of  110  x  10”^  mmoles/ml.  would  be  obtained. 
Comparison  of  this  curve  with  other  solubility  curves  In  the  con¬ 
tinuous  process  reveals  that  this  curve  Is  unique.  In  none  of  the 
other  solubility  curves  except  Curve  Ai,  shown  In  Figure  l8,  did 
the  aluminum  hydride  solubility  approach  the  calculated  maximum 
(110  X  10”^  mmoles/ml.).  The  similarity  of  the  above  aluminum 
hydride  solution  obtained  In  the  absence  of  lithium  aluminum  hydride 
and  lithium  borohydrlde  compared  to  the  one  obtained  In  the  pres¬ 
ence  of  lithium  borohydrlde  alone  suggests  little.  If  any,  asso¬ 
ciation  between  these  two  species  In  the  ether-benzene  binary  solvent. 
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(C)  Pig.  13  -  Summary  of  Continuous  Process  Post-Preclpltatlon 
Solubility  Curves  of  Lithium  Aluminum  Hydride,  Llthlxxm 
Borohydrlde,  and  Aluminum  Hydride  at  Various 
Temperatures  in  the  Binary  Ether  -  Benzene  System 
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{C)  Tno  exact  nol-;  of  aluminun  hydr'.de  in  rhe  nrep- 

aratlon  of  aluninurr  hydrld-  -1--  ^thor  than  the  xncwled^e  that  a 
art.all  arriount  Is  n'-concaiy  for  d  :'o'vatlon,  Is  also  not  clearly  unden- 
rtocd . 


(C,  Solubility  studl.o  in.  the  '  atch  ana  continuous  o- 
cesses  have  shov;n  that  not  all  the  llthJ  jin  aiunlnum  hydride  adued 
remains  soluble.  A  certain  small  fraction  Is  generally  Insoluble 
in  the  solvent  over  most  of  the  temper-ature  range  studied.  The 
Insolubility  varies  directly  with  the  temperature.  In  order  to 
further  elucidate  the  role  of  lithium  ilumlnum  hydride  In  the 
continuous  process,  the  solubilities  of  lithium  aluminum  hydride 
and  aluminum  hydride  In  the  binary  solvent  were  measured  at  7^°C. 
and  77°C.  These  two  temperatures  were  chosen  to  evaluate  con¬ 
ditions  on  either  side  of  the  normal  conversion  temperature 
(76.5°C.),  and  should  be  Indicative  of  a  family  of  solubility 
curves  in  this  temperature  range.  The  results  are  shown  graphi¬ 
cally  In  Figures  15  and  ]6. 

(C)  The  initial  soluble  lithium  aluminum  hydride  con¬ 
centration  at  ambient  temperature  In  the  ether-benzene  solution  was 
held  constant  at  13  x  lO'-’  mmoles/mc.  Tc  tnir.  so.iut.i.on,  ai  the 
prescribed  temperature,  was  added  80  m.moles  of  aluminum  hydride. 

The  figures  show  that  the  solubilities  of  both  lithium  aluminum 
hydride  and  aluminum  hydride  decrease  with  Increasing  temperature. 

It  Is  also  noted  In  Figure  l6  that  the  solubility  of  lithium  alu¬ 
minum  hydride  decreased  at  the  point  of  precipitation.  This  could 
be  interpreted  as  the  dissociation  of  a  complex  L1A1H4*A1H3  mole¬ 
cule  with  temperature. 

(C)  Figure  17  compares  the  solubility  curves  of  lithium 
aluminum  hydride  and  aluminum  hydride  together  with  that  obtained 
In  the  combination  of  lithium  aluminum  hydride,  aluminum  hydride, 
and  lithium  borohydrlde  at  77°C. 

(C)  Curves  Ai  (XlKa)  and  Bi  (LIAIH4)  represent  solubility 
curves  of  the  binary  comblni-’tlon,  whereas  Curves  A  (AIHt),  B  (LIAIH4) 
and  C  (LIBH4)  are  tHose  observed  In  the  ternary  combination.  The 
only  discernible  difference  between  these  curves  Is  the  markedly 
increased  solubility  of  lltnlum  aluminum  hydride  due  to  the  pres¬ 
ence  of  lithium  borohydrlde,  especially  at  higher  temperatures. 
Molecular  weight  and  solubility  studies  In  the  batch  process  In¬ 
dicated  that  lithium  aluminum  hydride  and  lithium  borohydrlde  form 
an  associated  or  complex  molecule  In  solution.  This  Is  further 
substantiated  by  the  Increase  In  solubility  of  the  lithium  aluminum 
hydride  In  the  continuous  process  due  to  the  presence  of  lithium 
borohydrlde.  • 

(C)  Molecular  weight  studies  In  diethyl  ether,  as  well 
as  solubility  studies  In  the  batch  process,  have  Indicated  that 
some  degree  of  association  exists  between  lithium  aluminum  hydride 
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(C)  Fig.  Id  -  Continuous  Process  Solubility  Curves  of  Lltht 
Aluralni’jn  Hydride  and  Aluminum  Hydride  at  a  Constant  Temperat 
of  7"‘^C.  in  the  Binary  Ether  -  Benzene  Syster.i 
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g.  17  -  Comparison  Between  the  Continuous  Pl^^ce33  Solublllt 
Curves  of  Lithium  Aluminum  Hydride-Aluminum  Hydride  and 
Lithium  Aluminum  Hydride-Aluminum  Kydrlde-Llthlum 
Borohydrlde  Systems  at  a  Constant  Temperature  of  77°C. 

In  the  Binary  Ether  -  Benzene  System 
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and  aluminum  hydride.  The  extent  of  this  complexlng  and  the  effect 
of  varying  concentrations  of  lithium  alumln’urii  hydride  on  the  solu¬ 
bility  of  aluml.ium  hydride  In  the  binary  ether-benzene  solvent 
were  previously  unknown.  For  this  reason.  It  was  decided  to  examine 
the  effect  of  va:-lous  concentrations  of  lithium  aluminum  hydride 
on  th'^  .'olublllty  of  aluminum  hydride. 


(C)  Figure  l8  shows  the  solubility  curves  for  alumlnam 
hydride  In  ether-benzene  at  a  temperature  of  77°C.  Curve  Ai  (AIH3) 
represents  the  measured  solubility  of  only  al\imlnum  hydride  In 
ether-benzene.  Curves  A  (AIH3)  and  B  (LIAIH*)  represent  the  solu¬ 
bilities  of  these  compounds  In  ether-benzene  In  the  presence  of 
each  other.  The  Initial  soluble  concentration  of  lithium  aluminum 
hydride  at  ambient  temperatu"e  was  15  lO"*^  mmoles/ml.  The  large 

suppression  of  the  solubility  of  aluir  r;’,  n  hydride  due  to  the  pres¬ 
ence  of  lithium  aluminum  hydride  can  >t  e  explained  at  thl.s  time. 

(C)  In  order  to  study  furthei-  the  effect  of  lithium  alu¬ 
minum  hydride  on  the  solubility  of  aluminum  hydride,  a  series  of 
experiments  was  designed  In  which  the  temper  ture  {76.5'’C.),  the 
quantity  of  aluminum  hydride  and  lithium  bor  "'drlde  added,  and 
the  volume  of  solvent  were  held  constant  Inltl'.l  concentration 

of  lithium  aluminum  hydride  at  ambient  t*--p  ature  was  varied  from 
'-5  to  17  X  10"^  mmoles/ml.  of  solution,  .io’.ever,  only  minor  varia¬ 
tions  In  solubilities  were  observed. 


Pi  1  r*  ^ 


/TT\ 


(1)  Benzene  (U ) 

(C)  It  was  observed  that  the  amount  of  decomposition 
during  ciystalllzatlon  of  alumlnu;  hydrlde-l45l  from  ether-benzene 
solvent  varied  as  benzene  from  different  sources  was  used.  Analyses 
of  benzene  from  five  different  sources  showed  It  to  be  low  In  un- 
saturatlon  (less  than  5  PPm,  lnJ!5C=cC)  and  to  produce  no  color  v.'lth 
concentrated  sulfuric  acid.  The  chloride  and  sulfur  content  In 
all  cases  was  found  to  be  below  1  ppm.  Gas -liquid  chromatographic 
analysis  showed  the  presence  of  low  amounts  of  aliphatic  and  cyclic 
hydrocarbons  In  addition  to  small  amounts  of  toluene.  No  corre¬ 
lation  was  obtained  from  any  of  the  above  tests  or  Impurtlles  with 
the  resulting  stability  of  the  aluminum  hydride  prepared  with  var¬ 
ious  grades  of  benzene  from  the  five  sources.  The  only  ether 
common  Impurity  in  the  hydrocarbon,  water,  was  found  to  vary  In 
concentrations  between  50  and  120  ppm.  When  the  water  was  removed 
by  drying  the  various  grades  of  benzene  over  lithium  aluminum  hy¬ 
dride,  very  little  difference  In  product  quality  was  observed. 
However,  using  the  benzene  without  drying  produced  a  marked  change. 

(c)  Three  different  methods  have  been  employed  for  water 
removal  from  benzene; 

(1)  Drying  overnight  with  lithium  aluminum  hydride. 
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(ll)  Drying  overnight  over  Linde  b-A,  1/3",  molecular 
sieves . 

(ill)  Passing  the  benzene  through  an  Ion  exchange  column. 


(U)  In  all  three  cases  the  water  content  Is  lowered  to 
between  10  and  20  ppm.,  as  detc-imlned  by  the  modified  Gllbarco 
hygrometer  described  In  Section  C.l.a.  The  m.anner  In  which  the 
benzene  Is  dried  apparently  does  not  affect  the  results,  since  In 
nearly  all  cases  some  decomposition  occurred  during  the  conversion 
step  using  the  batch  process.  A  significant  reduction  In  the  amount 
of  deco.mposltlon,  although  not  entirely  eliminated,  was  noted  when 
each  grade  of  benzene  was  used  without  drying. 

(C)  The  oxygon  content  of  the  aluminum  hydride -1^51  pro¬ 
duced  was  also  found  to  Increase  when  wet  benzene  was  used.  Observa¬ 
tions  of  the  effect  of  water  on  the  continuous  crystallization  pro¬ 
cess  will  be  discussed  In  Section  A. 2. a. (A).  It  does  appear,  how¬ 
ever,  that  water  Is  an  Important  variable  which  needs  to  be  con¬ 
trolled  If  reproducible  results  are  to  be  obtained. 


Differences  In  Ether  Solutions  of  Aluminum  Chloride 


(C)  In  order  to  further  elucidate  the  effects  of  trace 
Impurities  on  aluminum  hydride  stability,  a  study  of  the  purity 
of  the  starting  material,  aluminum  chloride,  was  undertaken.  Several 
ether  ool”tinn<^  of  aitminum  ■  nl  irlde  were  analyzed  by  gas-llquld 
chromatography  using  flame  Ic  1:  atlon  and  electron  capture  detection 
devices  simultaneously.  No  sio-.lflcant  differences  were  observed 
using  electron  capture;  however,  flame  Ionization  detection  re¬ 
vealed  the  presence  of  two  Impurities.  One  Impurity  peak  precedes 
the  ether  peak,  while  the  other  follows  the  ether  peak  as  shown 
In  Figure  19.  The  amounts  of  these  Impurities  were  found  to  vary 
In  concentration  for  the  different  aluminum  chloride  solutions 
evaluated,  although  no  correlation  has  been  obtained  between  the 
stability  of  aluminum  hydride  and  the  amount  of  these  Impurities 
present  In  the  Initial  aluminum  chloride  solution. 


(C)  Due  to  the  possibility  of  lmpu:-ltles  originally  pres¬ 
ent  In  aluminum  chloride  solutions  causing  hydride  decomposition 
durlnsr  preparation,  it  was  decided  to  circumvent  this  problem  by 
repl Ing  the  aluminum  chloride  with  dlmethyldlchlorosllane  as  a 
star*‘'.:g  raw  material.  The  preparation  reaction  Is  as  follows: 


2  LIAIHh  +  (CH3)2S1(.  — 2  AIH3  +  (CH3)2S1H2  +  2  LlCl 

(C)  Several  ^atch  runs  have  been  made  successfully  using 
the  dlmethylchloros Ilane  as  the  starting  material.  The  aluminum 
hydride  product  from  these  preparations  appeared  comparable  to  that 
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produced  from  aluminum  chloride,  although,  in  a  few  cases,  the 
stability  was  improved.  Chemical  analysis  indicated  essentially 
no  Incorporation  of  silicon  (0.035^).  Two  continuous  crystalliza¬ 
tion  runs  using  dlmethyldlchlorosllane  showed  good  stability  during 
preparation,  but  no  improvement  in  crystal  formation. 

(4)  U]tra-pure  Starting  Reagents  (U) 

(C)  An  attempt  was  made  to  imprcve  the  stability  of 
aluminum  hydride -l45i  by  preparing  it  from  high  purity  starting 
raw  materials  in  a  dry  box  atmosphere  free  from  contaminants.  A 
dry  bux  was  carefully  cleaned  and  contained  nitrogen  with  no  Icnown 
contaminants  except  for  approximately  1  ppm.  of  dxygen  and  17  ppm. 
of  water.  Carefully  resubllmed  aluminum  chloride  and  recrystallized 
lithium  aluminum  hydride  and  lithium  borohydride  were  used  as 
starting  materialb.  The  diethyl  ether  and  benzene  both  contained 
less  than  1  ppm.  of  ox^rgen  and  less  than  15  ppm.  of  water. 

(C)  Extensive  decomposition  on  the  sides  of  the  flask 
was  apparent  during  the  preparation  of  aluminum  hydride  under  these 
conditions.  While  these  results  may  indicate  that  an  anhydrous, 
hlgh-purlty  system  tends  to  favor  decomposition,  it  has  been  ob¬ 
served  since  these  experiments  that  other  factors  such  as  active 
decomposition  sites  on  the  surface  of  glass  and  electrical  field 
effects  may  be  the  actual  determining  factors  in  causing  decom¬ 
position  during  crystallization.  When  these  other  factors  are 
eliminated,  hlgh-purlty  materials  may  be  found  to  produce  a  better 
quality  of  aluminum  hydrlde-l451. 

d.  The  Effect  of  an  Electrical  Field  on  the  Decomposition  of 

Aluminum  Hydride  During  Preparation 

(C)  One  of  the  most  serious  problems  encountered  in  the  manu¬ 
facture  of  aluminum  hydrlde-l45i  is  the  random  decomposition  of  the 
compound  during  crystallization.  Generally,  the  degree  of  decom¬ 
position  observed  during  normal  batch  operation  is  not  serious, 
although  it  probably  contributes  to  the  variability  observed  in 
product  stability.  However,  the  problem  of  solution  stability  is 
magnified  by  long  continued  operation.  In  some  preparations  in 
laboratory  equipment,  decomposition,  as  manifested  by  a  gray  or 
metallic  color,  will  not  be  observed,  while  in  others  it  will 
appear  on  the  thermometer  well,  but  not  on  the  sides  of  the  flask, 
or  it  may  appear  on  both.  The  result  is  a  product  that  varies  from 
white  to  light  gray,  depending  upon  the  extent  of  the  decomposition. 
As  expected,  Talianl  tests  at  60®C.  show  a  direct  correlation  be¬ 
tween  the  an.ount  of  decomposition  observed  during  the  preparation 
and  stability. 

(U)  The  nature  of  this  random  decomposition  suggests  that  it 
may  be  due  to  electrical  effects  such  as  the  uneven  distribution 
of  electrical  charges  on  the  surface  of  the  glassware,  resulting  in 
an  electrical  field  which  varies  In  strength,  especially  at  the 
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glass  surface.  Such  a  possibility  seems  likely,  considering  that 
all  the  materials  Involved  are  poor  conductors  of  electricity. 

The  streaks  on  the  thermometer  well  could  result  from  the  concen¬ 
tration  of  electrical  charges  on  strlatlons  formed  during  fabrica¬ 
tion,  while  the  decomposition  observed  on  the  side  of  the  flask 
which  generally  appears  near  the  oil  bath  stirrer  may  result  from 
electrical  fields  set  up  by  the  friction  of  the  stirrer  with  the 
silicone  oil  and/or  rapid  clrculai.lon  of  the  oil  against  the 
exterior  of  the  flask. 

(C)  Several  experiments  were  performed  to  determine  the  effect 
of  an  electrical  potential  across  an  aluminum  hydride  solution. 

Two  bands  of  aluminum  foil,  each  approximately  l/2"  wide,  were 
wrapped  around  the  outside  of  the  conversion  flask  and  a  potential 
of  45  to  180  volts  applied.  In  two  runs,  the  flask  which  hai  the 
potential  across  the  bands  showed  the  most  decomposition  when 
compared  to  runs  made  from  the  same  solution  but  without  applied 
potential.  However,  the  difference,  while  significant,  was  not 
large  and  the  higher  applied  voltages  did  not  augment  the  effect. 

(C)  In  another  experiment  of  this  type,  ^5  volts  were  applied 
across  a  platinum  foil  Immersed  in  the  conversion  flask  and  an 
aluminum  foil  surrounding  the  flask.  No  appreciable  difference 
was  noticed  In  either  the  amount  of  product  adhering  to  the  sides 
of  the  flask  or  the  degree  of  decomposition.  Likewise,  when  ^5 
volts  were  applied  across  two  platinum  electrodes  Lmmersed  l\  a 
0.3  M  ether  solution  of  aluminum  hydride  for  two  days,  no  dec.x 
position  was  observed. 

(C)  Attempts  to  measure  an  electrical  potential  due  to  a  static 
charge  In  the  solution  have  been  unsuccessful,  probably  due  to  the 
small  queintlty  of  electricity  Involved.  The  best  approach  appears 
to  be  to  remove  any  posslbl?  electrical  charge  which  might  build 
up  either  in  the  solution  or  or  the  surface  of  the  conversion 
vessel.  Grounding  of  both  the  solution  by  means  of  a  platinum 
electrode  and  the  outside  of  the  conversion  flask  by  means  of 
aluminum  foil  seems  to  reduce  the  amount  of  adhesion,  but  from 
visual  observation  there  appeared  to  be  no  reduction  In  decom¬ 
position.  Tallanl  tests,  however,  showed  a  marked  difference  In 
product  stability.  A  sample  of  material  made  In  a  grounded  flask 
required  12  days  to  reach  1^  decomposition,  while  material  made 
from  the  same  aluminum  hydride  solution,  but  converted  In  an  un¬ 
grounded  flask,  required  only  5  days  to  reach  IjC  decomposition. 
Several  additional  experiments,  using  the  same  solutions,  but 
grounding  only  one  of  the  two  conversion  flasks,  are  being  carried 
out  to  determine  if  the  results  obtained  for  the  pair  of  samples 
are  reproducible. 

(U)  Heating  the  crystallization  flask  to  550“C.  In  an  annealing 
oven  prior  to  use  has  resulted  In  less  decomposition  on  the  sides 
of  the  flask.  The  reason  for  this  is  not  clear,  but  a  possible 
explanation  is  that  any  static  charge  on  the  glass  surface  is  bled 
off  at  this  high  temperature. 
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e.  Materials  of  Construction  (U ) 

(C)  The  decomposition  of  aluminum  hydride -1^51,  when 
boroslllcate  glass  was  used  during  phase  conversion,  suggested 
that  this  type  of  glass  may  influence  the  decomposition,  with  the 
random  nature  of  the  decomposition  being  dependent  upon  both  the 
manner  of  fabrication  of  the  glass  and  the  clean-up  procedure. 

(C)  This  Is  Illustrated  by  the  decomposition  often  found  on  the 
thermometer  well  as  shown  In  Figure  20.  The  decomposition  pattern 
follows  the  strlatlons  In  the  glass  which  are  formed  when  It  Is 
drawn.  The  reason  for  this  decomposition  pattern  Is  not  presently 
known.  However,  It  Is  known  that  It  Is  not  caused  simply  by  a 
rough  surface,  since  a  thermometer  well  with  Its  surface  roughened 
by  sand  blasting  did  not  exhibit  any  decomposition.  It  may  be 
concluded  that  catalytic  effects  which  promote  decomposition  of 
aluminum  hydride  may  be  Inherent  In  the  boroslllcate  glass  and 
that  the  proper  treatment  of  the  glass  surface  to  entirely  elimi¬ 
nate  these  effects  has  not  been  found. 

(U)  Soft  glass,  such  as  that  used  for  thermometers,  and  Vycor 
produce  i.iore  decomposition  than  boroslllcate  glass.  Several  runs 
made  In  a  Vycor  flask  with  a  thermometer  well  of  the  same  material 
resulted  In  a  smooth  aluminum  mirror  on  the  flask  and  thermometer 
well . 

(U)  Four  runs  made  with  a  removable  quartz  thermometer  well 
resulted  In  no  decomposition,  ever,  though  the  strlatlons  were  more 
pronounced  than  In  boroslllcate  glass. 

(C)  The  noticeable  differences  In  the  amount  of  decomposition 
observed  with  the  four  different  materials  demonstrate  the  Impor¬ 
tance  of  materials  of  construction.  Quartz  Is  approximately  99-9^ 
SlOs, Vycor  contains  g6^  S102,  and  boroslllcate  glass  80.5^  SlOg. 

If  the  amount  of  silica  were  the  only  determining  factor,  Vycor 
would  be  much  better  than  boroslllcate  glass.  This,  however.  Is 
not  the  case.  Indicating  the  difference  must  be  In  other  components 
of  the  glass  or  In  the  processes  Involved  In  manufacturing  the 
material.  A  quartz  flask  Is  being  fabricated  to  evaluate  Its 
effectiveness  In  reducing  aluminum  hydrlde-l45l  decomposition 
during  conversion. 

2.  Continuous  Crystallization  Studies  of  Aluminum  Hydrlde-l45l  (C) 
a.  Laboratory  Crystallization  Variable  Studies  (U) 

(C)  Pas'-  experience  with  aluminum  hydride  has  Indicated  that, 
as  with  othec  /stalllne  materials,  crystals  which  are  more  nearly 
perfect  are  more  thermally  stable.  Considerable  effort  has,  there¬ 
fore,  been  expended  toward  developing  a  process  which  will  reliably 
produce  single  c-jstals. 
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(U)  Pig.  20  -  Decomposition  of  Aluminum  I^drlde 
on  Thermometer  Well 
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(C)  The  most  promising  approach  to  making  single  crystals  in¬ 
volves  the  nucleation  of  the  aluminum  hydrlde-l45l  phase,  after 
which  the  crystals  are  grown  to  the  desired  size  by  continuous 
feeding  of  an  aluminum  hydride  solution.  In  our  work,  additive 
hydrides  (lithium  aluminum  hydride  and  lithium  borohydrlde)  are 
generally  Incorporated  in  the  crystallization  media.  After 
nucleation  of  aluminum  hydride,  ether  solution  is  fed  to  the  crj'-s- 
talllzer  while  the  same  amount  of  ether  is  removed  by  distillation. 
The  discoveries  and  improvements  resulting  from  the  laboratory 
investigations  will  be  incorporated  into  the  10-gallon  continuous 
DTB  crystallizer  to  produce  a  material  with  improved  thermal 
stability  and  formulatablllty  properties. 

( 1)  Physical  Factors  Affectir^  the  Crystallization  of  Aluml- 

nuin  Hyclrlde-'l45T  (TT 

(U)  Several  physical  and  mechanical  factors  of  the  con¬ 
tinuous  crystallization  process  have  been  examined  in  an  attempt 
to  produce  a  more  crystalline  product. 

(a)  Stirring  (U) 

(U)  Most  laboratory''  work  has  been  done  with  the  use  of 
a  magnetic  stirrer.  It  was  felt  that  the  use  of  a  direct-drive 
mechanical  stirrer  would  not  only  give  better  control  of  the  amount 
of  agitation,  but  v/ould  also  decrease  the  amount  of  attrition  be¬ 
tween  the  stirrer  and  the  walls  of  the  f^ask. 

(C)  A  glass  propeller -type  stirrer  of  about  1  inch  in 
diameter  was  tried,  but  was  found  to  be  ineffective  in  stirring 
the  rapidly  boiling  ether-benzene  solution  unless  operated  at  high 
speeds.  At  these  high  speeds,  it  was  observed  that  decomposition 
occurred  on  the  stirrer  blades  and  left  gray  deposits  of  aluminum 
and  aluminum  hydride. 

(U)  A  large  Teflon,  paddle -blade  stirrer  operating  at 
slow  speeds  and  at  a  distance  of  5-10  mni.  from  the  walls  of  the 
f'lssl'C  W3LS  to  bs  much  !Ticr*s  It  pi*ov-i,‘d8s  bstt0r* 

control,  complete  mixing,  and  more  uniform  heat  transfer,  which 
minimizes  the  amount  of  solids  deposited  on  the  walls  of  the  flask. 

(C)  The  use  of  this  stirrer  has  markedly  Improved  the 
particle  size  of  the  aluminum  hydrlde-l45l  produced  in  the  con¬ 
tinuous  process.  Particles  of  50-100  u  are  easily  obtained,  and, 
in  some  Instances,  particles  >200  u  have  been  obtained  in  the  lab¬ 
oratory.  No  significant  Increase  in  the  perfection  of  the  alu¬ 
minum  hydrlde-L451  crystals,  however,  was  observed  as  a  result 
of  changing  the  type  of  agitation. 

(b)  Method  of  Addition  (U) 

(C)  In  the  continuous  crystallization  process  the  other 
solution  of  aluminum  hydride  is  coded  directly  to  the  boiling 
ether-benzene  mixture  at  It  v;as  thought  that  addition 
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of  thl5  approximately  0-5  M  ether  solution  to  the  benzene  con¬ 
taining  only  5-6^  ether  might  cause  a  large  concentration  gradient, 
which  In  turn  would  result  In  rapid  precipitation  of  the  aluminum 
hydride  In  a  finely  divided  or  unstable  etherated  phase. 

(C)  An  adapter  tube  was  constructed  so  that  the  aluminum 
hydride  solution  was  diluted  by  the  liquid  refluxing  from  the 
bottom  of  the  fractionation  column.  The  dilution  factor  for  the 
0.3  M  hydride  solution  was  approximately  10.  This  technique,  as 
well  as  the  blade  stirrer,  has  led  to  a  general  Improvement  In 
the  laboratory  production  of  aluminum  hydride-1451  In  the  continuous 
process . 


(c)  Temperature  Control  (U) 


(C)  The  control  of  temperature  by  the  rate  of  addition 
of  ether  solution  and  the  rate  of  ether  removal  from  the  fraction¬ 
ation  column  Is  extremely  difficult  on  the  laboratory  scale.  Even 
when  the  rates  of  addition  and  removal  are  balanced,  change  In 
solution  when  the  aluminum  hydride  desolvates  rapidly  can  upset 
this  balance  and  affect  the  temperature.  It  Is  fully  realized 
that  this  Is  probably  one  of  the  most  Important  factors  controlling 
the  crystallization  of  aluminum  hydride-1451  and  one  of  the  main 
reasons  for  scaling  up  this  area  of  work.  (See  Section  A.2.b.) 


/II  ^ 


which  employs  a  thermocap  regulator  with  an  actuated  solenoid  valve 
to  control  the  feed  solution  by  the  conversion  flasK  temperature. 
This  system  maintains  the  crystallization  temperature  to  within 
±0.1°C.  In  addition  to  the  very  precise  control  of  temperature, 
this  new  technique  also  allows  accurate  control  of  the  feed  rate 
relative  to  the  take-off  rate  of  diethyl  ether  from  the  still  head. 


(d)  Fhotomlcrographlc  Apparatus  (U ) 

(C)  A  technique  for  sampling  and  examining  microscopically 
the  solids  present  during  the  continuous  crystallization  process  was 
developed  to  study  this  dynamic  crystallization  system.  This 
approach  has  been  found  to  be  very  useful  In  observing  the  Initial 
precipitation,  crystal  growth,  effect  of  additives,  and  phase  changes 
which  occur  during  the  preparation  of  aluminum  hydrlde-l451.  The 
sampling  system  has  been  coupled  to  a  polarizing  light  microscope 
with  a  Polaroid  camera  attachment  for  recording  the  observations. 
Figure  21  shows  schematically  a  diagram  of  the  apparatus. 

(C)  Samples  of  the  solution  are  withdrawn  from  the  crys¬ 
tallizing  flask  through  a  three-way  stopcock  Into  the  syringe.  The 
stopcock  Is  then  rotated  180°  and  the  sample  Is  flushed  through 
the  glass  cell  on  the  microscope  and  returned  into  the  flask.  The 
stopcock  Is  turned  to  stop  flow  while  the  particles  suspended  In 
solution  are  observed  and  photographed.  By  slowly  moving  the  syringe 
plunger  with  the  stopcock  open,  the  solid  particles  can  be  moved  and 
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21  -  Diagram  of  Photomlcrographlc  Apparatus 
Studying  Aluminum  Hydride  Crystallization 
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rolled  over  for  better  observation  and  characterization.  Figures 
22  and  25  are  examples  of  observations  recorded  by  this  apparatus. 

(2)  Study  of  Nucleatlon  and  Growth  Parameters  (U) 

(a)  Feed  Rate,  Stirring  Rate  and  Crystallization  Temperature  (U) 

(C)  A  series  of  experiments  was  performed  to  evaluate  the 
effects  of  feed  ^ate,  stirring,  and  temperature  on  the  crystal¬ 
linity  of  aluminum  hydrlde-l451.  The  normal  conditions  employed 
In  the  laboratory  continuous  process  are  summarized  as  follows: 

(l)  A  feed  rate  of  2-3  ml. /min.  of  0.3  M  aluminum 
hydride-ether  solution. 

(ll)  Stirring  rate  of  approximately  15O  rpm. 

(ill)  Crystallization  temperature,  after  nucleatlon, of 
76.0‘’-76.5‘’C. 

The  normal  conditions  were  varied  In  a  series  of  eight  runs  and 
the  results  are  summarized  In  Table  I.  The  relative  ratings  shown 
In  Table  I  were  Judged  on  the  basis  of  microscopic  examination  of 
the  products  and  also  on  the  amounts  of  polymorphic  aluminum 
hydride-1444  and  aluminum  hydride-1433  present  as  determined  by 
X-ray  analysis.  Tlie  higher  the  value  of  the  relative  rating,  the 
better  the  crystallinity.  The  relative  ratings  represent  runs  of 
one  variable,  l.e.,  all  slow  feed  or  all  fast  feed,  etc. 

(C)  Although  these  results  are  qualitative  In  nature,  the 
trends  are  clearly  discernible.  Feed  rate  has  been  shown  to  be  an 
Important  and  controlling  factor  In  the  crystallization  of  aluminum 
hydride-1451.  The  data  suggested  that  slower  feed  rates  were  most 
beneficial.  Slower  stirring  rates  also  appeared  to  be  beneficial  In 
the  laboratory  scale  runs,  but  did  not  appear  to  be  directly  trans¬ 
latable  to  the  DTB  continuous  crystallizer.  Thi  effect  of  tem¬ 
perature  on  crystal  growth  appeared  to  be  leas  Important  In  the 
process,  and  the  optimum  probably  lies  between  the  two  temperatures 
studied  In  this  series. 

(b)  Residence  Time 

(C)  The  photomlcrographlc  examination  of  the  aluminum 
hydride  produced  In  the  continuous  crystallization  process  has 
strongly  suggested  that  the  residence  time  of  the  aluminum  hydride- 
1451  crystals  In  solution  Is  a  very  Important  factor.  Generally 
It  has  been  observed  that  the  first  aluminum  hydrlde-l451  crystals 
formed  are  quite  clear  and  regular  In  shape.  As  additional  alu¬ 
minum  hydride  feed  solution  Is  added,  the  aluminum  hydride- 1451 
crystals  begin  to  become  polycrystal line  and  opaque  after  approxi¬ 
mately  one  hour.  Frequently  agglomeration  a:id/or  fusing  of  particles 
appears  to  occur  after  this  time.  Unfortunately,  In  the  laboratory 
It  Is  not  possible  to  remove  the  crystals  when  they  are  of  the 
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Photomlcroesraphd  of  Changes  Occurring  with  Time  During 
tlnuous  Crystallization  of  Aluminum  Hydrlde*-l45i 
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correct  size  and  continue  the  ciystalllzatlon .  However,  this  Is 
-osslble  In  the  DTB  crystallizer  as  described  In  Section  A.2.b.  It 
;oped  that  a  set  of  working  conditions  can  be'  established,  In¬ 
cluding  residence  time,  which  will  continuously  yield  single  crys¬ 
tals  of  aluminum  hydrlde-lA5i. 

Table  I 

(U)  Crystallization  Variable  Study 


Run  No. 

Feed  Rate 
mmoles/mln. 

stirring 

rpm 

Temperature, 

“C. 

Relative 
Rating  (0-10) 

1 

0.2^ 

lOO'^ 

c 

o 

9 

2 

0.2 

100 

77.5^ 

Y 

3 

0.2 

200^ 

75.0 

3 

4 

o 

ro 

200 

77.5 

8 

5 

1.0^ 

200 

75.0 

2 

6 

1.0 

200 

77.5 

1 

7 

1.0 

100 

75.0 

4 

8 

1.0 

100 

77.5 

6 

^Sum  of  Relative  Rating;  slow  =  27. 
bSum  of  Relative  Rating;  fast  =  15. 
°Sum  of  Relative  Rating;  slow  =  'i'>. 
^Sum  of  Relative  Rating;  fast  =  l4. 
©Sum  of  Relative  Rating;  low  =  l8. 
fSum  of  Relative  Rating;  high  =  22. 


Seeding 


(U) 


(C)  In  normal  crystallizations  where  several  different 
crystalline  phases  are  possible,  seeding  with  the  desired  phase 
usually  Induces  crystallization  of  this  phase.  However,  seeding 
the  ether-benzene  solution  with  samples,  which  were  shown  by  X-ray 
analysis  to  be  all  aluminum  hydride-1451,  did  not  give  rise  to 
larger  crystals  of  aluminum  hydrlde-l45l.  Although  the  product 
from  these  runs  was  all  converted  to  aluminum  hydride-1451,  micro¬ 
scopic  examinations  showed  the  particles  were  polycrystalline  and  not 
single  crystals. 


(C)  It  Is  currently  believed  that  the  Ineffectiveness  of 
aluminum  hydrlde-i45l  seed  to  Induce  proper  crystal  growth  Is  due  to 
the  surface  Imperfection  of  the  seeds.  This  occurs  even  If  the  seeds 
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are  freshly  ground  under  a  solvent.  It  Is  known  that  fracturing 
of  the  aluminum  hydrlde-1^51  crystals  generates  a  measurable  quan¬ 
tity  of  hydrogen.  This  loss  of  hydrogen  causes  some  rearrange¬ 
ment  of  the  aluminum  hydrlde-1^51  surface  structure,  thereby  making 
the  seed  Ineffective. 

(d)  Methods  of  Nucleatlon  (U) 

(C)  Various  methods  which  have  been  evaluated  as  techniques 
for  controlling  the  Initial  nucleatlon  of  aluminum  hydride  are  listed 
below,  along  with  a  discussion  of  the  results. 

(C)  Method  No.  1  -  The  ether-benzene  solution  containing 
lithium  aluminum  hydride  and  llthlur  borohydrlde  Is  heated  to  the 
operating  temperature  and  a  feed  solution  of  aluminum 

hydride  In  diethyl  ether  added  until  nucleatlon  occurs,  followed 
by  continued  feeding  at  that  temperature. 

(C)  This  method  Is  the  original  technique  for  producing 
aluminum  hydrlde-l45i  by  the  continuous  process.  However,  It  has 
been  found  to  be  quite  variable,  depending  on  Impurities,  time, 
temperature,  and  feed  solution  profiles.  Observations  of  this  pro¬ 
cedure  with  the  photomlc rographlc  sampling  device  showed  that  there 
was  apparently  an  Initial  formation  of  a  few  large  particles  of 
aluminum  hydrlde-l433  crystals  during  the  Initial  feeding,  followed 
by  gross  precipitation  of  smaller  alitmlnum  hydrlde-l^JJ,  and  then 
subsequent  conversion  to  '.lumlnum  hydrlde-1^51 .  This  method  of 
nucleatlon  appears  to  be  too  variable  for  consistent  preparation  of 
aluminum  hydrlde-l45l  possessing  good  crystallinity. 

(C)  Method  No.  S  -  The_  ether-benzene*  solution  containing 
lithium  aluminum  hydride  and  lithium  borohydrlde  Is  heated  to  some 
high  temperature  (>77.5‘’C.)  and  the  aluminum  hydride  feed  solution 
added  until  nucleatlon  occurs.  The  temperature  Is  then  allowed  to 
drop  to  the  optlmtun  temperature  range  of  76. 0° -76. for  the  re¬ 
mainder  of  the  run. 

(C)  This  appears  to  be  a  more  consistent  method  of  pro¬ 
ducing  good  nucleatlon,  except  that  usually  lithium  aluminum  hydride 
amd  lithium  borohydrlde  precipitate  above  7b. ^”0.,  redlssolvlng 
slightly  as  aluminum  hydride  feed  solution  Is  added.  The  amount  of 
aluminum  hydride  present  when  nucleatlon  occurs,  however,  tends  to 
be  variable  and  has  been  observed  to  affect  the  course  of  crys¬ 
tallization,  yielding  some  Inconsistent  results. 

(C)  Method  No.  3  -  The  ether-benzene  solution  containing 
a  ratio  ranging  from  1  L1A1H4:1  AlHa:!  LIBH4  to  1  L1A1H4:4  AlHa:!  LIBH4 
Is  heated  until  nucleatlon  occurs  at  >77.5‘’C.,  after  which  the  tem¬ 
perature  Is  reduced  as  the  aluminum  hydride  feed  solution  Is  added 
until  the  optimum  temperature  range  of  76.0'-75.5'’C.  Is  obtained. 

(C)  ITils  "thermal  seeding"  appears  to  be  the  most  con¬ 
sistent  method  evaluated  to  date.  The  concentrations  In  mole  ratios 
of  lithium  aluminum  hydride,  alumlnvun  hydride,  and  lithium  borohydrlc  c 
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have  been  varied  to  some  degree;  however,  the  optimum  combination 
has  not  yet  been  established.  In  the  laboratory  this  nucleatlon 
technique  usually  Involves  the  formation  of  aluminum  hydrlde-l453 
and/or  aluminum  hydrlde-1^51>  followed  by  conversion  to  clear  cubes 
of  aluminum  hydrlde-l45i .  After  approximately  one  hour  of  feeding, 
these  clear  cubes  become  polycrystaillne  and  occasionally  exhibit 
some  agglomeration.  The  aluminum  hydride-l^jj  usually  disappears 
at  approximately  this  time,  and  the  cubes  formed  continue  to  grow, 
becoming  larger  and  lees  clear.  It  should  be  noted,  however,  that 
In  the  continuous  DTB  crystallizer  this  technique  does  not  show  any 
significant  amount  of  alumlntim  hydrlde-l^jj  formation  during  or 
following  nucleatlon,  but  consistently  nucleates  directly  from  so¬ 
lution  as  aluminum  hydride-1451. 

(C)  Method  No.  4  -  The  benzene  solution  Is  heated  to  Its 
boiling  point  oi*  bO.O''C.  and  an  Initial  feed  solution  containing  a. 
mole  ratio  of  1  L1A1H4:1  AlHa:!  LIBH4  Is  either  rapidly  or  slowly 
added  until  nucleatlon  occurs  and  the  temperature  has  been  reduced 
to  the  optimum  temperature  range,  followed  by  the  addition  of  an 
aluminum  hydride  feed  solution. 

(C)  This  method  was  Investigated  In  an  effort  to  shorten 
the  initial  heat-up  time,  which  In  the  laboratory  does  not  appear 
to  be  significant,  but  could  be  In  the  operation  of  the  DTB  crys¬ 
tallizer.  In  the  DTB  crystallizer,  it  usually  talces  approximately 
?.  hours  to  achieve  nucleatlon  after  the  Initial  feed  solution 
lithium  aluminum  hydride,  aluminium  hydride,  and  lithium  borohydrlde 
Is  added  to  cold  benzene. 

(U)  In  two  laboratory  runs  In  which  this  Initial  feed  so¬ 
lution  was  rapidly  added  to  the  boiling  benzene,  the  solution  fall- 
to  nucleate  and  had  to  be  reheated.  If  the  feed  solution  Is  added 
slowly,  however,  the  solution  readily  nucleates  and  has  yielded  a 
slightly  Improved  crystalline  product. 

( C)  Method  No.  5  -  The  benzene  Is  heated  to  80®C.  and  a 
feed  solution  containing  a  mole  ratio  greater  than  1  L1A1H4:^  AlHs 
(with  or  without  1  L1BH4,1  Is  added,  during  which  time  nucleatlon 
occurs.  The  temperature  Is  then  reduced  to  the  optimum  operating 
temperature  as  the  addition  of  the  feed  solution  Is  continued, 

(C)  This  method  Is  more  simple  In  operation,  since  It  Is 
not  necessary  to  prepare  different  feed  solutions,  and  the  problem 
of  making  a  stoichiometric  solution  of  aluminum  hydride  Is  circum¬ 
vented.  This  nucleatlon  step  has  been  found  to  produce  essentially 
the  same  type  of  product  as  the  other  methods,  although  the  nu- 
clja*:!  n  Involves  the  formation  of  less  aluminum  hydrlde-l43,'^  and 
some  agglomeration  of  the  small  alvimlnum  hydride-1451  nuclei. 

(C)  Recent  work  has  shown  that  nucleatlon  Methods  4 
or  5  and  slow  feed  rates  (0.1  mmole/mln.)  can  give  aluminum  hydride- 
1451  In  the  laboratory  without  the  formation  of  any  aluminum  hy¬ 
dride-1433  or  aluminum  hydrlde-l444  phases.  The  combination,  along 
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with  the  other  Improvements  In  the  continuous  process,  allows  the 
preparation  of  larger,  clearer,  more  crystalline  aluminum  hydrlde- 
1^51  •  With  proper  control  of  the  process  vari'ables  of  feed  rate, 
stirring,  temperature,  residence  time  and  Imp-  rj ties,  the  crystal 
growth  of  aluminum  hydride  can  be  controlled, 

(C)  However,  the  nucleatlon  step  Is  still  variable  and 
very  sensitive  to  unknown  parameters.  Photomlcrographlc  observations 
of  a  large  number  of  nucleatlons  of  aluminum  hydrlde-l451  suggest 
that  there  Is  an  Insufficient  number  of  nuclei  formed  Initially  In 
•  .ils  process.  The  first  r.uclel  formed  appear  to  grow  very  rapidly 
and  become  Imperfect,  polycrystalllne  and  sometimes  agglomerated. 

As  ii  result,  they  osplete  the  solution  of  aluminum  hydride  concen¬ 
tration  and  decrease  the  rate  of  new  nuclei  formation.  However, 

If  the  feed  rate  is  increased  to  compensate  for  this,  then  phase 
problems  occur  usually  as  aluminum  hydrlde-l433  or  aluminum  hydride- 
1444.  Therefore,  to  insure  alow  growth  of  each  crystal  It  would 
appear  necessary  to  have  a  large  number  of  crystals  continuously 
present  In  the  solution.  Based  on  this  hypothesis.  It  now  appears 
very  advantageous  to  develop  a  nucleatlon  process  which  will  pro¬ 
duce  a  sufficient  number  of  small  nuclei. 

(U)  An  attempt  to  Increase  the  number  of  nuclei  and  Im¬ 
proved  cr/stalllnity  by  simply  increasing  the  volume  of  crystallizing 
solution  relative  to  the  san.<i  feed  rate  has  not  been  found  to  pro¬ 
duce  any  detectal  le  Improvement. 

(U)  Methods  of  producing  nuclei  In  a  hot  zone  f79““8C'“C.) 
nd  then  removing  then,  to  the  crystallizing  medium  at  76  C.  for 
.’yatui  growth  are  being  evaluated.  This  would  separate  the  nu- 
\eatlon  and  growth  stages  and,  hopefully,  would  yield  better  con- 
c.’ol  of  each.  If  such  an  external  nucleatlon  system  can  be  developed. 
It  could  easily  be  adapted  to  the  DTB  continuous  crystallizer  ,.0 
help  control  nucleatlon,  feed  rate,  and  product  quality. 

(<i)  Complex  Hydride  Additives  (C) 

(C)  Varying  ratios  of  lithium  aluminum  hydride  and  lithium 
borohydrlde  have  been  Investigated  In  this  process  and  have  been 
found  necessary  for  the  desolvatlon  and  conversion  of  aluminum  hy¬ 
dride  to  the  stable  1^51  polymorph.  A  large  e;:cess  of  both  lithium 
aluminum  hydride  and  'lithium  borohydrlde  was  tried  separately.  In 
both  cases,  the  product  was  an  agglomerated  aluminum  hydrlde-l451. 

When  the  concentratio»iS  of  additives  was  decreased  to  approximately 
0.01  M  In  the  ether-benzene  mixture,  the  amount  of  agglomeration  de¬ 
creased,  but  this  did  not  produce  good  single  crystals,  but  gener¬ 
ally  a  polycrystalllne,  grainy,  aggregate  particle. 

(C)  The  photomlcrographlc  appaiatus  was  used  to  study  the 
effect  of  changing  concentrations  of  lithium  aluminum  hydride  and 
lithium  borohydrlde  on  the  ciystalllzatlon  of  aluminum  hydride. 

Varying  the  concentration  of  both  lithium  alumlnuiH  hydride  and 
lithium  borohydrlde  simultaneously  from  15  x  10"^  to  0.7  x  lO""*  M 
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In  seven  runs  dlc^  not  show  any  significant  improvement  in  crystal¬ 
linity  or  decrease  the  amount  of  agglomeration  in  the  crystalline 
aluminum  hydrlde-l451  product.  Hence,  it  appears  that  only  a 
trace  amount  of  lithium  aluminum  hydride  is  necessary  for  the 
formation  of  aluminum  hydride-1451. 

(C)  Photomlcrographlc  observations  of  recent  runs  in  which 
only  aluminum  hydride-1451  was  produced  have  led  to  the  conclusion 
that  the  presence  of  solid  lithium  aluminum  hydride  in  the  crystal¬ 
lizing  solution  does  not  seriously  affect  the  crystals.  However, 
it  has  been  observed  that  if  the  lithium  aluminum  hydride  crystal¬ 
lizes,  as  a  result  of  saturation  during  the  growth  of  aluminum 
hydride-1451,  the  crystals  tend  to  become  more  opaque  and  poly- 
crystalline.  This  can  be  rationalized  as  being  a  result  of  the 
lithium  aluminum  hydride  growing  from  the  aluminum  hy(irlde-l451 
crystal  surfaces  as  it  precipitates,  thereby  interfering  with  the 
normal  growth  of  the  crystal.  However,  if  solid  lithium  aluminum 
hydride  is  present,  the  precipitation  apparently  results  in  growth 
of  the  already  existing  crystals  of  lithium  aluminum  hydride  and 
does  not  appear  to  Interfere  with  the  aluminum  hydride-1451  crystal 
growth.  Ihe  only  effect  of  lithium  borohydrlde  on  the  crystal¬ 
lizing  system  which  has  been  demonstrated  is  an  enhancement  of  the 
solubility  of  lithium  aluminum  hydride. 

(3)  Nev?  Crystallization  Additives  (U) 

(C)  An  attempt  was  made  to  find  other  additives  which 
would  be  more  effective  in  promoting  the  crystallization  of  alu¬ 
minum  hydride-1451.  One  problem  in  this  area  is  that  the  reactive 
chemicals  in  this  system  will  often  not  remain  in  the  form  added. 
Thus,  the  effects  may  result  from  some  reaction  product  rather  than 
the  compound  originally  added. 

(a)  Aluminum  Borohydrlde  (c) 

(C)  Aluminum  borohydrlde  (produced  by  the  reaction  of 
lithium  borohydrlde  and  aluminum  chloride  in  an  ether-benzene  solu¬ 
tion,  and  separated  from  the  coproduct,  lithium  chloride,  by  fil¬ 
tration)  was  used  as  a  crystallization  additive  in  an  otherwise 
normal  run.  The  aluminum  borohydrlde  was  found  to  have  considerable 
effect  on  the  precipitation  of  the  aluminum  hydride.  It  delayed 
the  Initial' precipitation  of  aluminum- hydride  until  240  ml.  of  the 
300  ml.  of  0,3  M  solution  had  been  added,  compared  with  5O-IOO  ml. 
without  aluminum  borohydrlde.  The  product  was  agglomerated  spheres, 
some  of  which  were  crystalline  on  their  outer  edges.  The  product 
was  identified  by  X-ray  analysis  as  solvated  aluminum  hydride-1443 
and  aluminum  hydride- 1535 • 

(b)  Lithium  Bromide  (u) 

(C)  Lithium  bromide  has  been  reported  to  hold  aluminum 
hydride  in  ether  solution  and  prevent  precipitation.  A  preparation 
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was  made  using  lithium  bromide  In  place  of  lithium  borohydrlde  In 
a  continuous  process  to  evaluate  Its  effect.  The  lithium  bromide, 
although  soluble  In  ether,  was  precipitated  to  a  large  extent  when 
mixed  with  the  benzene.  The  product  contained  on]y  205^  aluminum 
hydride-1451,  while  the  remaining  portion  was  unidentified  by  X-ray 
analysis. 

(c)  Kel-P  Oil  (U) 

(C)  This  oil  was  evaluated  to  determine  If  It  would  pre¬ 
vent  adhesion  of  the  product  to  the  walls  of  the  reaction  vessel. 

The  additive  was  attacked  by  lithium  aluminum  hydride,  producing 
large  amounts  of  lithium  chloride  In  the  run,  along  with  the  unde¬ 
sirable  phases  of  aluminum  hydride,  1445,  1555,  and  1444. 

(d)  Dow  Coming  200  Silicone  Oil  (U) 

(C)  This  additive  was  also  evaluated  to  determine  If  It 
would  prevent  adhesion  and/or  promote  Increased  crystallinity  of 
the  aluminum  hydride-1451.  However,  It  caused  excessive  foaming, 
and,  although  It  did  not  appreciably  degrade  the  product,  it  failed 
to  show  amy  Improvement. 

(e)  Dllsobutyl  Aluminum  Hydride  (C) 

(C)  Dllsobutyl  aluminum  hydride  was  added  to  the  crys¬ 
tallizing  solution  to  determine  If  It  would  Increase  the  solubility 
and  crystallinity  of  aluminum  hydride-1451.  However,  serious  decom¬ 
position  was  observed  durlnjg  the  run,  resulting  In  a  dark  gray  prod¬ 
uct. 


(f)  Butyl  Lithium  (U) 

^C)  An  attempt  was  made  to  examine  the  use  of  bases  other 
than  lithium  aluminum  hydride  and  lithium  borohydrlde  In  the  crys¬ 
tallization  c/f  aluminum  hydride.  The  use  of  butyl  lithium  resulted 
Initially  In  the  formation  of  some  Irregular,  colored  crystals,  but 
as  the  run  progressed  decomposition  was  observed  and  a  gray  agglom¬ 
erated  product  was  recovered. 

(g)  Pyridine  (U) 

(C)  Pyridine  reacts  with  LIAIH4  to  form  LlAl(pyr-H) 4. 

TTils  compound  was  also  examined  as  a  potentially  different  base 
for  the  hydride  system.  The  Initial  yellow-orange  color  of  the 
crystallizing  medium  faded  as  aluminum  hydride  solution  was  added'. 
No  significant  change  In  crystallinity  of  the  product  recovered 
from  the  system  was  observed. 

(h)  Aromatics  (U) 

(C)  Aromatic  compounds,  such  as  trano-stllbene,  tetra- 
phenylethylene,  and  4-phenylazodlphenylamlne,  were  examined  but 
showed  no  Improvement  or  decrease  in  the  crystallinity  of  the 
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aluminum  hydrlde-l45i.  Their  effect  on  thermal  stability  of  alu¬ 
minum  hydride-1451  Is  being  evaluated. 

( 1)  Boric  Add  (U) 

(C)  This  compound  was  Investigated  as  an  additive  based 
upon  Infoinnatlon  obtained  In  the  study  of  the  effect  of  water  In 
the  preparation  of  aluminum  hydride-1451.  It  was  found  that  water 
reacted  with  lithium  aluminum  hydride  and  lithium  borohydrlde  In 
wet  benzene  to  form  a  lulxture  of  lithium  alumlnate,  L1A102,  and 
lithium  monohydroxyborohydrlde,  L1B{0H)H3.  Solubility  considera¬ 
tions  of  the  two  compounds  In  ether-benzene  favored  the  latter. 
Hence,  boric  acid  was  examined  as  an  analog  of  lithium  monohydroxy- 
borohydrlde  because  of  Its  slight  solubility  In  diethyl  ether  and 
availability. 

(C)  The  addition  of  boric  add  to  the  system  gave  some 
Indication  of  favoring  the  formation  of  single  hexagonal  crystals 
during  nucleatlon.  The  product  was  aluminum  hydrlde-l45i,  but 
agglomeration  during  crystal  growth  was  still,  observed. 

(j)  Aluminum  Hydrlde-l444  (c) 

(C)  It  has  been  observed  that  the  hexagonal  crystal  habit 
of  aluminum  hydrlde-l45i  has  generally  been  associated  with  the 
undesirable  polymorph,  aluminum  hydrlde-l444 .  Therefore,  It  was 
decided  to  determine  If  th'.?re  was  something  unique  about  the  alu¬ 
minum  hydrlde-l444  phase  which  caused  the  nucleatlon  and  propaga¬ 
tion  of  the  hexagonal  aluminum  hydrlde-l45i  crystal. 

(C)  A  small  portion  of  aluminum  hydride-1444,  containing 
10-205^  of  aluminum  hydrlde-l45i,  was  added  to  the  conversion  so¬ 
lution.  Microscopic  examination  of  the  crystals  during  the  pro¬ 
gression  of  a  few  runs  Indicated  a  predominance  of  the  hexagonal 
shaped  aluminum  hydrlde-l45i. 

(C)  Therefore,  It  Is  concluded  that  aluminum  hydrlde-l444 

form  to  that  of  the  hexagonal.  However,  current  crystallization 
conditions  which  favor  the  nucleatlon  of  single  crystal,  hexagonal¬ 
shaped  aluminum  hydrlde-l45i  also  favor  the  nucleatlon  cf  alianlnum 
hydrlde-l444. 

(k)  Magnesium  Chloride  (U) 

(C)  Current  technology  on  the  Incorporation  of  magnesl'un 
Into  the  aluminum  hydrlds~l45i  crystal  lattice  as  a  stabilizer 
has.  In  the  past,  been  based  on  preparation  by  the  "batch  process." 
Very  little  work  has  been  done  to  determine  the  most  advantageous 
stage  for  the  Introduction  and  Incorporation  of  magnesium  into  the 
"continuous  process."  Preliminary  work  has  been  Initiated  to  study 
the  effect  of  magnesium  addition. 
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(C)  Magnesium  as  magnesliim  chloride  can  be  conveniently 
Introduced  Into  the  ‘'continuous  process"  by  Incorporation  In  either 
the  aluminum  hydride  feed  solution  amd/or  the  conversion  sclutlon. 

The  aluminum  hydride  feed  solution  In  the  "continuous  proces’"  Is 
made  at  stoichiometry.  The  addition  of  magnesium  chloride  elcher 
necessitates  an  excess  of  lithium  aluminum  hydride  over  stoichi¬ 
ometry  In  the  aluminum  hydride  feed  solution,  or  a  prior  reaction 
of  the  lithium  aluminum  hydride  and  magnesium  chloride,  followed 
by  subsequent  addition  of  this  solution  to  the  feed.  Both  approaches 
were  found  to  Incorporate  magneslimi  as  shown  by  the  X-ray  diffrac¬ 
tion  analysis  of  the  expanded  aluminum  hydrlde-l45l  crystal  lattice. 
Chemical  analysis  has  shown  a  maximum  concentration  of  0.72$^  mag¬ 
nesium  Incorporated  by  this  technique.  However,  extraneous  crys¬ 
talline  phases  were  also  detected.  These  probably  resulted  from 
the  presence  of  residual  chloride  and/or  water  In  the  system.  It 
Is  possible  that  some  water  of  hydration  of  the  magnesran  chloride 
was  present.  It  was  also  noted  that  the  aluminum  hydrlde-l45l  crys¬ 
tals  were  small  auid  agglomerated.  This  latter  problem  Is  now  being 
extensively  Investigated  to  find  a  method  which  will  Incorporate 
magnesium  Into  the  aluminum  hydrlde-l45l  crystal  lattice  and  at  the 
same  time  retain  the  crystallinity  of  the  product. 

(C)  Several  attempts  have  been  made  u.3lng  the  continuous 
crystallization  technique  to  Incorporate  magnesium  via  the  conver¬ 
sion  solution.  The  conversion  solution  Is  composed  of  benzene,  ether, 
and  excess  lithium  aluminum  hydride  and  sometimes  lithium  borohy- 
drlde.  The  following  summarizes  the  preliminary  results  obtained: 


(1) 


Reaction  of  Magnesium  Chloride  with  Lithium  Aluminum 
liydrlde  without  Lithium  Borohydrlde  -  Hormal  cubic  alu- 
mlnum  hydrlde-145l  crystals  were  obtained  from  the  use 
of  this  conversion  solution.  However,  no  expansion  of 
the  hydride  lattice  was  observed  by  X-ray  diffraction. 


(11) 


(111) 


Reaction  of  Magnesium  Chloride  with  Lithium  Boro- 
hydrlde  and  Lithium  Aluminum  Hydride  -  The  crystals 
obtained  from  this  solution  were  normal  In  physical 


.  _  .  _  ci  o  pi  «  ^ 


Reaction  of  tegneslum  Chloride  with  Lithium  Aluminum 
^drlde.  Followed  by  Lithium  Borohydrlde  Addition  - 
Using  this  conversion  solution,  only  in  random  samples 
was  some  expansion  detected.  Indicating  the  presence  of 
magnesium. 


(iv) 


Reytlon  of  Magnesium  Chloride  with  Lithium  Boro- 
drlde.  Followed  by  Lithium  Aluminum  Hydride  Addition 
en  this  conversion  solution  was  used,  preliminary 
results  Indicated  that  raaigneslum  was  Incorporated  Into 
the  hydride  lattice. 


In  almost  all  of  the  above  situations,  the  final  product  was  con¬ 
taminated  with  residual  chlorides,  and  In  some  cases  extraneous 
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crystalline  phases.  Preliminary  work  Indicates  that  the  Incorpora¬ 
tion  of  magnesium  Into  the  continuous  process  can  be  achieved,  but 
not  without  difficulties. 


(4)  Crystallization  Contaminants  (U ) 
(a)  Chloride  (U) 


(C)  In  the  crystallization  of  aluminum  hydride- 1451  the 
effect  of  residual  chloride,  presumably  lithium  chloride,  and  Its 
removal  have  been  a  source  of  concern  for  some  time.  In  the  past, 
the  chloride  content  In  the  batch  process  was  removed  or  reduced 
by  a  sodium  borohydrlde  treatment.  However,  a  more  critical  ex¬ 
amination  of  chloride  removal  was  deemed  necessary,  since  It  was 
observed  from  direct  crystallization  studies  of  aluminum  hydride.^ 
1451  that  residual  lithium  chloride  may  be  capable  of  causing  the 
crystallization  of  extraneous  and  undeslred  phases.  An  effort  was 
therefore  made  to  determine  the  best  method  of  technique  for  re¬ 
moving  residual  chloride  from  the  aluminum  hydride  feed  solution 
and  from  the  complex  hydrides,  lithium  aluminum  hydride  and  lithium 
borohydrlde . 


(C)  In  actual  practice  It  Is  difficult  to  prepare  a  stoi¬ 
chiometric  solution  of  aluminum  hydride.  Tables  II  and  III  show  the 
results  of  the  treatment  of  two  aluminum  hydride  solutions  with  so- 
ulUiu  aluiuliVuiTi  liydi'lde,  oodluui  uui''u!iydx''ide ,  ttiid  a  mlxtui'e  of  the  two. 
Table  II  shows  the  results  obtained  In  the  treatment  of  a  hydride 
solution  containing  an  excess  of  aluminum  chloride.  Sodium  alu¬ 
minum  hydride  appears  to  be  more  beneficial  In  removing  residual 
chloride  than  either  sodium  borohydrlde  or  a  combination  of  the  two. 


Table  '  ll 


(C)  Removal  of  Chloride  from  a  0-i^  M  Aluminum  Hydride  Solution 
Containing  an  Excess  ot  Aluminum  Chloride 

_ Concentration,  g./l. _ _ 


Treated  for  15  Minutes 


Compound  Untreated 

NaAlH4^ 

NaBH4^ 

NaAlH4-NaBH4® 

LlCl  0.57 

Nil 

0.12 

0.02 

AICI3  0.21 

Nil 

Nil 

Nil 

LIAIH4 

O.lG 

— 

0.11 

L.i.BH4 

0.04 

0.11 

NaAlH4 

Nil 

.... 

Nil 

NallH4 

— 

Nil 

Nil 

^0.1  g.  of  NaAlH4  in  50 

ml .  of  above 

solution . 

“0.1  g.  of  NaBH4  In  50  ml.  of  above 

solution. 

°0.2  g.  of  NaAlH4-NaBH4 

In  50  ml.  of 

above  solution. 
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(C)  Table  III  shows  the  results  obtained  In  the  treatment 
of  a  hydride  solution  containing  an  excess  of  lithium  aluminum  hy¬ 
dride.  These  results  suggest  that  sodium  aluminum  hydride,  sodium 
borohydrlde  and  a  mixture  of  sodliom  aluminum  hydride  -  sodium  boro- 
hydrlde  are  equally  effective  In  the  removal  of  chloride.  Treatment 
of  the  aluminum  hydride  solution  with  sodium  aluminum  hydride  seems 
to  be  preferable  because  the  final  solution  will  contain  only  one 
extraneous  compound,  namely  lithium  aluminum  hydride.  Treatment 
with  sodium  borohydrlde  Introduces  lithium  borohydrlde  Into  the 
final  solution.  Due  to  the  presence  of  excess  lithium  aluminum 
hydride  In  this  solution,  some  solubility  of  sodium  aluminum  hy¬ 
dride  and  sodium  borohydrlde  Is  noted.  This  Is  undoubtedly  due  to 
a  secondary  solvent  effect,  and  the  solubility  of  the  treatment 
compounds  will  Increase  with  the  Increasingly  larger  amounts  of 
excess  lithium  aluminum  hydride.  In  general,  sodium  aluminum  hy¬ 
dride  treatment  of  the  aluminum  hydride  solution  Is  more  desirable 
because  of  completeness  of  the  reaction  when  excess  aluminum  chloride 
Is  present  and  the  simplicity  of  the  reaction  product. 

Table  III 


(C) Removal  of  Chloride  from  a  0-3  M  Aluminum  Hydride  Solution 
Containing  an  Excess  of  Lithium  Aluminum  Hydrlcfe' 


Concentration,  g. /I. 

Treated  for  15  Minutes 


Compound 

Untreated 

KaAlH4'‘ 

Na£K4'’ 

A  T  TT  f! 

iidJi  X  n4  •n  aNon4 

LlCl 

0.05 

Nil 

Nil 

Nil 

LIAIK4 

1.60 

1.76 

1.71 

1.81 

LIBH4 

— 

— 

0.02 

— 

NaAlH4 

— 

0.l4 

— 

0.,21 

NaBH4 

— 

— 

0.08 

— 

ao.l  g.  of 
bO.l  g.  of 
°0.2  g.  of 

NaAlH4  In  50  ml 

NaBH4  In  50  ml. 

NaAlH4-NaBH4  In 

.  of  above 

of  above 

50  ml .  of 

solution. 

solution . 

above  solution. 

(C)  AIM  lithium  aluminum  hydride,  solution  In  di¬ 
ethyl  ether  was  also  found  to  contain  a  residual  chloride  value  of 
0.45  g.  LlCl/1.  This  Is  not  unexpected  due  to  the  method  of  prep¬ 
aration  of  the  lithium  aluminum  hydride.  Treatment  of  50  ml.  of 
a  1  M  LIAIH4  solution  with  various  hydrides  such  as  MgH2,  Mg(AlH4)2, 
NaH,  and  KAIH4  for  the  removal  of  residual  chloride  showed  only 
sodium  aluminum  hydride  and  sodium  borohydrlde  were  effective  In 
reducing  the  chloride  content.  Table  IV  shows  that  the  chloride 
content  of  a  lithium  aluminum  hydride  solution  can  be  significantly 
reduced;  however,  a  definite  solubility  of  sodium  aluminum  hydride 
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and  sodium  boiv5hydrlde  Is  observed.  In  some  cases,  the  high  sol¬ 
ubilities  of  these  materials  have  been  known  to  cause  phase  prob¬ 
lems  In  the  crystallization  process  of  aluminum  hydrlde-l45i . 

(C)  The  net  result  of  this  treatment  Is  that  all  residual 
aluminum  and  lithium  chlorides  are  consumed  and  lithium  aluminum 
hydride,  aluminum  hydride  and  ether-insoluble  sodium  chloride  are 
generated.  There  appears  to  be  no  solubility  of  sodium  aluminum 
hydride  as  a  result  of  this  treatment.  The  treatment  with  sodium 
borohydrlde  does  not  appear  to  be  as  effective,  since  the  reaction 
of  sodium  borohydrlde  does  not  go  to  completion. 

Table  IV 


( C)  Removal  of  Chloride  from  a  1  M 
Lithium  Aluminum  Hydride  Solution 


Concentration,  £•/!• 

Treatea  for  I5  Minutes^ 


Compound 

Untreated 

NaBri4 

LlCl 

0.57 

0.07 

0.08 

LIBH4 

— 

— 

1.23 

NaAlH4 

— 

1.49 

-- 

NaBH4 

-- 

-- 

®0.1  g.  of  the  hydride  slurried  In  25  ml.  of  the  1  M  LIAIH4 
solution. 


(C)  An  attempt  was  made  to  reduce  or  remove  the  chloride 
present  In  lithium  borohydrlde  solutions.  However,  to  date,  no 
treatment  has  been  successful.  Both  sodium  aluminum  hydride  and 
sodium  borohydrlde  were  found  to  be  Ineffective  In  the  reduction 
of  chloride.  Considerable  solubility  of  these  compounds  In  the 
borohydrlde  solution  was  noted. 


(C)  Treatment  of  the  alumlnUin  hydride  feed  solutlcns  In 
the  continuous  crystallization  process  with  sodium  aluminum  hydride 
was  found  to  be  effective.  However,  treatment  of  the  lithium  alu¬ 
minum  hydride  and  lithium  borohydrlde  solutions  used  In  the  process, 
which  were  also  found  to  contain  traces  of  lithium  chloride,  re¬ 
sulted  In  phase  problems  during  crystallization.  Long  rod-shaped 
particles  of  aluminum  hydrlde-l455  were  obtained,  especially  when 
sodium  aluminum  hydride  was  used  In  the  pre-treatment  of  the 
lithium  aluminum  hydride  and  lithium  borohydrlde  solutions.  These 
long  rods  of  aluminum  hydrlde-l455  usually  failed  to  convert  com¬ 
pletely  In  the  normal  time  to  aluminum  hydrlde-l45l .  In  addition, 
small  amounts  of  other  phases  such  as  aluminum  hydrlde-l444  and 
aluminum  hydride-1717  were  also  present. 
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(C )  Treatment  of  only  the  aluminum  hydride  feed  solutions 
with  sodium  aluminum  hydride  yields  aluminum  hydride-1451  with  no 
lithium  chloride  detectable  by  X-ray  analysis.  In  general,  If  the 
feed  solution  Is  not  , ore-treated.,  lithium  chloride  la  detected. 

(b)  Formation  of  N n n-Solvated  Aluminum  Hydride-1565  and 
Aluminum  Hydr„je-I717  Tcl 

(C )  Two  laborator.'  runs  during  the  year  produced  some  re¬ 
markably  large,  cleo. ,  ulugle  crystals  of  non-solvated  aluminum  hy¬ 
dride.  The  cone  ■* ration  of  single  crystals  and  degree  of  perfection 
of  the  crystals  obtained  from  these  runs  had  never  been  previously 
observed  In  our  laboratoi-lea . 

(C )  Figure  23  shows  the  two  different  types  of  single  crys¬ 
tals  observed,  along  with  a  small  amount  of  polycryatalllne  aluminum 
hydride-1451.  The  rectangularly  shaped  crystals,  with  the  dark  edges 
(due  to  the  diamond-shaped  cross-section)  were  highly  colored  under 
polarized  light  and  Identified  by  X-ray  analysis  as  aluminum  hydride- 
1563.  The  flat,  square-shaped  plates,  possessing  slightly  beveled 
edges,  were  Identified  as  aluminum  hydride-1717.  Elemental  and  X-ray 
analyses  of  the  two  phases  which  were  spearated  by  screening  are 
shewn  In  Table  V.  The  elemental  analysis  Indicates  that  both  phases 
are  non-P)lvated  polymorphs  of  aluminum  hydride.  The  material  balance 
for  both  samples  is  low.  Indicating  a  high  concentration  of  oxygen. 

A  density  of  1.30-1.3^  g./cc.  was  measured  for  both  phases  by  the 
density  gradient  method  using  ort hod Ich loro-  and  bromobenzene .  The 
Infrared  spectra  of  the  two  phases  are  shown  In  Plgura  24.  The  thermal 
stability  obtained  from  the  two  fractlc.-.a  at  1CC®C  .  was  approximately 
equal  to  normal  aluminum  hydride-1451;  however,  at  60®C . ,  the  sample 
containing  predominantly  aluminum  hydride-1563  reached  IJt  decomposi¬ 
tion  In  two  days. 


Table  V 


(C)  Analysis  of  Alumlnutn  Hydride-1563  and 
Aluminum  Hydride-1717  Polymorphs 


Elemental  Analysis,  %  Density 


Sample  No. 

C 

H 

A1 

Cl  LI 

X-Ray  Analysis 

K./cc . 

828I-57A-S 

0.2 

9.7 

oa  0 

<0.05  0.31 

1563  c  .c . 

1451  5-1056 

Trace  1717 

1.30-1.34 

828I-57A-P 

0.2 

9.8 

87.9 

<0.05  0.25 

1717  c.c. 

1451  20-3056 

L30-1.34 

(c )  Effect  of  Water  on  the  Preparation  of  Aluminum  Hydride-1563 
and  Aluminum  Hydride-1717  (C) 

(U)  Because  of  the  size  and  perfection  of  these  crystals, 
an  effort  was  made  to  determine  the  mechanism  or  conditions  which 
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Initiated  and  propagated  the  growth  of  these  crystals.  Experimenta¬ 
tion  with  process  variables,  reagents,  and  equipment  ultlr.ately  led 
to  the  conclusion  that  the  phenomenon  observed  was  the  result  of 
water  and/or  some  soluble  or  colloidal  product  thereof. 

(C)  To  Investigate  the  role  of  water  In  ’ormatlon  of 

the  two  new  polymorphs  of  aluminum  hydride,  partlc  attention 
was  paid  to  the  anhydrous  conditions  of  both  the  starting  reagents 
and  the  dry  box  atmosphere. 

(C)  The  addition  of  lithium  aluminum  hydride  and  lithium 
borohydrlde  solutions  to  a  benzene  solution  containing  75-220  ppm. 
water  usually  resulted  In  the  formation  of  an  ether-benzene  Insoluble 
precipitate.  The  Inclusion  of  this  Insoluble  material  In  the 
preparation  of  aluminum  hydride-1451  by  the  continuous  process 
resulted  In  the  final  product  being  contaminated  with  the  ertraneous 
crystalline  phases,  aluminum  hydride-1563  and  aluminum  hydride-1717. 
Removal  of  this  Insoluble  matter  by  filtration  generally  yielded 
good  crystalline  aluminum  hydride-1451,  free  from  contamination 
with  these  phases.  Experimental  results,  have  proven  that  filtra¬ 
tion  Is  satisfactory  for  the  removal  of  this  Insoluble  material 
from  a  benzene  mixture  containing  75-220  ppm.  of  water.  However, 

If  the  benzene  contains  a  concentration  of  water  In  excess  of 
220  ppm.,  a  single  filtration  does  not  appear  to  be  adequate. 
Apparently  at  high  concentrations  of  water,  either  a  soluble  or 
colloidal  portion  la  not  removed  by  filtration  and  ultimately 
leads  to  the  generation  of  aluminum  hydride-1563  and  aluminum 

nj  ,1.  uU  *  1  (  A  (  • 

(C)  In  an  attempt  to  Identify  the  Insoluble  material,  a 
portion  was  purged  dry  with  nitrogen  and  submitted  for  X-ray  dif¬ 
fraction  analysis.  The  results  showed  a  novel  crystalline  pattern, 
designated  unknc’vn  pattern  1747j  and  having  Its  strongest  lines  at 
10.7  i  and  6.5  A.  This  Is  believed  to  be  a  composite  phase.  The 
Infrared  spectrum  of  a  similar  material  showed  it  to  be  a  hydrated 
material  which  did  not  contain  any  Al-H  stretching  frequencies. 

This  spectrum  also  suggested  the  presence  of  lithium  borohydrlde 
and,  possibly,  y-alumlnum  oxide.  Chemical  analysis  of  the  residue 
coupled  with  the  above  data  strongly  suggested  the  formation  of 
lithium  alumlnate,  Ll.AlO;,  and  ?lthlunj  monohydroxyborohydrlde  > 

LIB (OH) Ha?  . .  '  ” 

(C)  Experiments  were  also  performed  In  an  attempt,  to 
selectively  show  which  reagent  In  the  conversion  solution  was  pro¬ 
ducing  the  water  reaction  product.  A  benzene  solution  containing 
140  ppm.  of  water  was  first  treated  with  a  solution  of  lithium  alu¬ 
minum  hydride,  filtered,  and  then  treated  with  lithium  borohydrlde. 

In  a  hydride  preparation  using  the  resulting  solution,  a  product  con¬ 
taining  equal  amounts  of  aluminum  hydride-1451  and  aluminum  hydride- 
1717  >  along  with  5/^  ■  lumlnum  hydride-1563,  was  generated.  X-Ray 
dlffratlon  analysis  of  the  water  reaction  product  Indicated  the 
material  to  be  mainly  amorphous  with  approximately  5^  lithium  alu¬ 
minum  hydride.  Similarly,  benzene  containing  140  ppm.  of  water 
was  treated  with  lithium  borohydrlde,  filtered,  and  then  treated 
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with  lithium  aluminum  hydride.  This  solution  produced  10^  to  15jC 
of  aluminum  hydride-1717  and  alu.r.lnum  hydride-1563  In  addition  to 
aluminum  hydride-1451.  X-Ray  dlffiactlon  analysis  of  the  water 
reaction  product  indicated  a  material  designated  as  UP -1476,  which 
has  previously  been  Identified  as  either  a  hydrolysis  or  decom¬ 
position  product  of  lithium  borohydrlde.  Therefore,  without  fur¬ 
ther  knowledge  It  is  difficult  to  determine  from  the  data  which  of 
the  Initial  reagents  Is  responsible  for  the  formation  of  aluminum 
hydride-1563  and  aluminum  hydride-1717. 

(5)  Crystallization  of  Aluminum  Hydrlde-l451  at  Reduced 

Temperatures  (IT) 

(C)  All  the  parameters  of  preparation  are  Inherently 
coupled  to  the  ultimate  stability  of  aluminum  hyQrlde-l451,  espe¬ 
cially  the  temperature  of  crystallization.  Lit  Is  postulated  that 
higher  crystallization  temperatures,  or  even  prolonged  heating  of 
aluminum  hydride-1451  at  the  normal  crystallization  temperature 
of  76 ®C.,  Is  detrimental  to  the  long-term  thermal  stability  of 
the  final  product.  Thus,  the  preparation  of  hydride  at  a  lower 
temperature  which  is  adaptable  to  the  production  and  growth  of 
aluminum  h^drlde-l451  crystals  should  Increase  the  thermal  sta¬ 
bility  of  the  final  product.  Ideally,  It  was  hoped  to  find  a 
solvent  system  which  would  provide  a  crystallization  temperature 
not  Ttiiioh  above  that  of  diethyl  ether,  b.p.  =  3^*»6‘’C. 

(U)  The  list  of  solvents  considered  and  Investigated 
during  the  past  year  Is  shown  In  Table  VI. 

(C)  The  use  of  the  n-hexane  aliphatic  solvent  system 
produced  a  range  of  boiling  point  temperatures  between  62*-68®C., 
due  to  the  non-azeotroplc  property  of  the  diethyl  ether  -  n-hexane 
system.  The  curve  of  volume  percent  diethyl  ether  In  n-hexane  In 
the  above  temperature  range  was  found  to  be  Identical  to  the  curve 
for  the  volume  percent  diethyl  ether  In  benzene  In  the  temperature 
range  of  7^“C.  to  BO^C.,  as  shown  In  Figure  25.  The  ether  - 
n-hexane  system  was  used  in  the  preparation  of  ali”^''num  iiyuride- 
1451  on  the  assumption  that  the  knowledge  of  solubility,  conversion 
temperature,  etc.  obtained  In  the  study  of  the  ether  -  benzene 
system,  would  apply  to  this  lower  boiling  system.  On  that  assump¬ 
tion,  a  conversion  temperature  of  64®C.  to  66®C.  was  chosen.  Un¬ 
fortunately,  nucleatlon  by  the  continuous  process  did  not  originally 
occur  In  the  proper  manner.  The  entire  aluminum  hydride  solution 
added  Initially  remained  soluble,  but  later  precipitated,  yielding 
solvated  aluminum  hydride -1443.  The  etherate  was  then  transformed 
Into  a  non-solvated  aluminum  hydrlde-l433»  followed  by  conversion 
to  aluminum  hydride -1451,  similar  to  the  original  fine  powder 
process.  Additional  work,  however,  has  shown  that  proper  nuclea¬ 
tlon  from  solution  can  be  achieved  by  careful  control  of  solubility 
and  addition  rate,  resulting  In  a  satisfactory  product. 
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(U)  Fig.  25  -  Volume  Percent  Diethyl  Ether  In  n-Hexane 
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Table  VI 

( C)  Lower  Bolling  Solvent  Systems  Used 
In  tEe~  Preparation  of  Aluminum  HydrlHe’-1^51 


Solvent  Systems _  Temperature,  °C. 


Benzene 

80 

79 

78 

77 

76 

75 

Benzene  -  cyclohexane^ 

77 

76 

75 

74 

73 

72 

Ber.i..'  e  -  2,4-dlmethylpentane^ 

75 

74 

73 

72 

71 

70 

Benzene  -  n-hexane^ 

72 

71 

70 

69 

68 

67 

n -Hexane 

68 

67 

66 

65 

64 

63 

Benzene  -  1-niethylpentane° 

67 

66 

65 

64 

63 

62 

Benzene  -  2, 3-dlmethylbutane® 

64 

63 

62 

61 

60 

59 

3-Methylpent  «;ie 

63 

62 

61 

60 

59 

58 

Benzene  -  2,2-dlmethylbutane 

60 

59 

58 

57 

56 

55 

2,3-Dlmethylbutane 

58 

57 

56 

55 

54 

55 

2, 2-Dlraethy Ibutane 

50 

49 

48 

47 

46 

45 

Volume  Percent  Diethyl 

Ether  at  Indicated 

Temperatures 

1.2 

2.4 

CO 

5.2 

6.5^ 

7.8 

^Azeotrope 
^1:1  Mixture 

Mixture 

^Percent  diethyl  ether  present  during  crystallization. 

(U)  The  benzene  -  2,4-dlmethylpentane  system  azeotroped  at 
75»^"C.,  with  the  distillate  being  48.5^  benzene  by  weight.  The 
benzene  -  cyclohexane  mixture  azeotroped  at  77-4"C.,  with  the  dis¬ 
tillate  being  49.7^  benzene  by  weight. 

(U)  A  range  of  boiling  temperatures  for  each  of  the  sol¬ 
vent  systems  was  obtained  by  varying  the  volume  percent  diethyl 
ether,  since  the  ether  did  not  azeotrope  with  any  of  the  Individual 
or  combined  components.  The  volume  percent  diethyl  ether  curves 
obtained  for  these  azeotropes  again  proved  to  be  the  same  as  in  the 
ether  -  benzene  system.  Thus,  for  the  same  volume  percent  diethyl 
ether  In  a  varying  co-solvent,  an  extended  series  of  boiling  tem¬ 
peratures  was  obtained,  as  Illustrated  In  Figure  26. 
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61 

63 

60 

67  n'HEXANE 

68 

70 

72 

74  BENZENE*2.4rO<Mrn(YLPOITANE 

70 

72 

74 

76  BENZENE  ■CYCIjOHE)(ANC 

71 

73 

75 

77 

'  76  BENZENE 

(U)  Fig.  26  -  Translation  of  Volume  Percent  Diethyl  “ 

Ether  of  Various  Solvent  Systems 

E 
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(C)  Both  of  these  azeotropes  were  used  In  the  preparation 
of  aluminum  hydride-1451.  The  range  of  nucleatlon  and  conversion 
temperatures  was  7l'’-73'’C.  for  the  benzene  -  2 ,4 -dlraethylpentane 
azeotrope  and  73'’-75'’C.  for  the  benzene  -  cyclohexane  system.  Though 
some  difficulty  was  observed  In  Initiating  proper  nucleatlon,  both 
systems  yielded  good  aluminum  hydrlde-l451  crystals  In  a  reasonable 
length  of  time.  A  slower  addition  rate,  however,  was  found  to  be 
necessary  as  a  result  of  the  lower  temperatures  of  conversion. 

(C)  Little  success  was  achieved  using  3-fnethylpentane 
(b.p.  =  2,3-dlmethylbutane  (b.p.  =  57 .5“ -58 . ) ,  and 

2 ,2 -dlmethylbutane  (b.p.  =  49.7“C.)  as  solvents  In  the  preparation 
of  aluminum  hydride-1451.  It  was  observed  that  the  solubilities 
of  lithium  aluminum  hydride,  lithium  borohydrlde,  and  aluminum 
hydride  In  these  aliphatic  solvents  were  too  low  to  produce  proper 
crystal  nucleatlon.  In  attempts  to  Increase  the  solubility  of  the 
complex  hydrides,  benzene  was  added  to  the  aliphatic  solvents;  the 
results  were  unsuccessful. 


(C)  Proper  nucleatlon  appeared  to  be  the  key  to  the  suc¬ 
cessful  utilization  of  any  of  these  lower  boiling  solvents.  In 
general,  the  parameters  affecting  nucleatlon  of  aluminum  hydride- 
1451  as  determined  In  the  benzene  system  have  been  translated  to 
these  other  solvent  systems.  One  of  the  most  critical  parameters 
appeared  to  be  the  solubility  of  lithium  aluminum  hydride,  lithium 
borohydrlde  and  aluminum  hydride  In  the  various  solv^ent  systems. 
Low  solubilities  were  observed  particularly  with  the  aliphatic 
solvents.  '■  . 


(C)  In  general,  the  solvent  systems  1  tlirough  4,  as  shown 
In  Table  VI,  were  successfully  used  In  the  preparation  of  aluminum 
hydride-1451,  whereas  solvent  systems  5  through  10  did  not  produce 
the  desired  results.  In  most  of  the  latter  cases,  nucleatlon  was 
either  very  difficult  or  Impossible. 

(C)  It  Is  concluded  that  a  temperature  threshold  probably 
exists,  below  which  sufficient  energy  la  not  present  to  desolvate 
and  nucleate  the  aluminum  hydride-1451. 

b.  Development  of  a  Continuous  Crystallizer  (u) 

(C)  A  program  was  Initiated  In  January,  1965*  to  Improve  the 
physical  and  chemical  properties  of  aluminum  hydride  by  means  of 
controlled  direct  crystallization  of  aluminum  hydrlde-l451  from 
solution.  The  goal  of  this  work  was  to  develop  a  continuous  cyrs- 
talllzer  which  would  produce  unlfonn,  single  crystals  of  aluminum 
hydrlde-l451 .  The  experimental  approach  consisted  of  three  phases; 

Phase  I  -  Design  and  Installation  of  equipment. 

Phase  II  -  Initial  crystallization  studies. 

Phase  III  -  Fundamental  crystallization  parameter  studies. 
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(C)  Phase  I,  th'*  design  and  Installation  of  the  Draft-Tube 
Baffle  (DTB)  crystallizer,  .was  completed  during  the  first  quarter. 
Phase  II  involved  a  performance  evaluation  of  the  DTB  crystallizer, 
establishment  of  the  standard  operating  procedures,  and  definition 
of  operating  conditions  for  the  continuous  production  of  aluminum 
hydride-1451.  These  Initial  studies  were  completea  during  the 
second  quarter.  Products  consisting  entirely  of  aluminum  hydride- 
1451  usually  resulted,  but  problems  with  both  nucleatlon  and 
solution  stability  were  encountered  In  these  Initial  studies  and 
delayed  the  study  of  Phase  III  (fundamental  crystallization  param¬ 
eters). 

(C)  Considerable  progress  has  been  niade  during  the  past  year 
In  understanding  and  controlling  the  conditions  required  for  repro- 
duclbly  obtaining  acceptable  aluminum  hydride-1451  nuclei.  Similar 
progress  has  been  made  In  the  reduction  of  aluminum  hydride  decom¬ 
position  during  crystallization.  Each  of  these  areas  will  be  dis¬ 
cussed  In  detail  later. 


(1)  Process  Description  (U) 

(U)  A  detailed  description  of  the  operating  conditions 
and  procedures  established  during  the  year  is  outlined  below. 


(a)  Reaction  (U) 

(c)  Ether  solutions  of  llthlusi  aluminuiu  hydride  and  alu¬ 
minum  chloride  are  added  to  additional  ether,  distilled  from  lithium 
aluminum  hydride  and  dried  with  molecular  sieves.  In  a  batch  re¬ 
actor  at  ambient  temperature.  A  slight  excess  (3-5  volume  percent) 
of  lithium  aluminum  hydride  la  normally  used  to  assure  complete 
reaction  of  the  aluminum  chloride.  Rapid  reaction,  followed  by 
filtration,  yields  a  0.3  molar  solution  of  aluminum  hydride  In 
ether.  This  aoluLlon  la  treated  with  sodium  borohydrlde,  filtered, 
and  added  to  the  crystallizer  feed  tank  which  Is  at  ambient  tem¬ 
perature.  Premature  precipitation  of  the  aluminum  hydride  In  the 
feed  tank  has  not  been  a  problem.  However,  the  excess  lithium 
aluminum  hydride  currently  used  does  create  some  problems  In  the 
crystallization  step  and  this  will  be  discussed  later. 


(b)  Crystallization  (U) 

(C)  Benzene,  distilled  from  lithium  aluminum  hydride  and 
dried  with  molecular  sieves,  is  charged  to  the  DTB  crystaliizer 
and  heated  to  80®C.  Ether  solutions  of  the  additive  hydride (s), 
lithium  aluminum  hydride,  or  lithium  aluminum  hydride  and  lithium 
borohydride,  and  a  small  amount  of  aluminum  hydride  are  added  to 
the  hot  benzene.  This  solution  is  heated  and  agitated  until  nu¬ 
cleatlon  occurs.  Aluminum  hydride  feed  solution  in  ether  or  diluted 
with  benzene  and  make-up  benzene  is  added  to  the  bottom  of  the 
draft-tube  continuously.  The  upward  draft  of  the  propeller  agitator 
gently  moves  the  feed  solution  to  the  surface.  This  Internal 
circulation  reduces  flashing  and  results  in  uniform  boiling  ac¬ 
tion  over  the  entire  exposed  surface.  Internal  classification 
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of  the  aluminum  hydride  crystals  is  obtained  by  circulating  an 
elutriation  stream  di'awn  off  the  top  of  the  settling  annulua  and 
introduced  into  the  bottom  of  the  elutriation  leg.  The  volume 
and  temperature  of  the  circulating  magma  are  maintained  at  the 
desired  operating  conditions  by  controlling  the  rate  of  distillate 
removal.  The  crystals  formed  are  continuously  removed  from  the 
classifying  leg  of  the  DTB  crystallizer  by  gravitational  settling 
into  a  cold  benzene  reservoir. 

(c)  Evaluation  (U) 

(C)  The  aluminum  hydrlde-l45l  recovered  from  the  crys¬ 
tallizer  is  evaluated  by  a  series  of  physical  and  chemical  tests. 

All  samples  are  observed  under  a  microscope  to  qualitatively 
evaluate  particle  configuration  and  crystallinity.  Sample  color 
is  noted.  Photographs  of  most  samples  are  made  to  give  a  permanent 
record  of  particle  appearance.  The  aluminum  hydride  phase  is  estab¬ 
lished  by  X-ray  diffraction.  Bulk  density,  screen,  and  elemental 
analyses  are  obtained  on  selected  samples.  Thermal  stability  is 
evaluated  by  the  modified  Tallanl  apparatus  at  6o“C.  Finally,  a 
few  samples  are  formulated  in  the  DJA  5020  system  to  evaluate  cast- 
ability  and  compatibility. 

(2)  Results  (U) 

(C)  Seventy-two  runs,  summarized  in  Table  VII,  were  made 
this  year,  with  59  producing  entirely  aluminum  hydride-1451.  Most 
runs  were  continuous  and  varied  in  length  from  4-l4  hours,  the 
shorter  runs  being  those  in  which  the  aluminum  hydride  did  not  prop¬ 
erly  nucleate  or  where  excessive  decomposition  occurred.  ■  Product 
from  the  remaining  runs  was  contaminated  with  other  aluminum  hy¬ 
dride  phases  1455  and  l444,  and  the  decomposition  product,  aluminum. 
Most  of  the  runs  falling  to  yield  all  aluminum  hydrlde-l45i  can  be 
related  to  either  poor  nucleation,  decomposition  and/or  excess 
chlorides  in  the  crystallizer. 

Table  VII 

(U)  Summary  of  DTB  Crystallizer  Runs 


Phases 

No. 

1451 

59 

54 

1451  +  1444 

19 

26 

1451  +  1455 

2 

5 

Decomposition 

8 

11 

Excess  Cl" 

4 

6 

72 
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(C)  A  summary  of  the  ccnditlons  and  results  for  many  of 
these  runs  Is  6.iven  In  Table  VIII.  Recovery  has  been  generally  low, 
averaging  approximately  b  due  to  decomposition  and  product  ad¬ 
herence  to  the  vessel  walls.  Maximum  recovery  has  been  approxi¬ 
mately  80%f  with  material  balance  calculations  accounting  for  better 
than  955^  of  the  aluminum  hydride  fed. 


(C)  Selected  samples  of  product  from  nins  producing  alu¬ 
minum  hydride-1451  were  evaluated  using  the  methods  outlined. 
Hexagonal  or  cubic  shaped,  single  crystals  of  aluminum  hydride-1451 
have  been  observed  in  many  of  the  runs.  Other  particles  are  poly¬ 
crystalline  granules  similar  to  batch  material.  A  typical  re¬ 
covered  sample  of  aluminum  hydride-1451  from  the  DTB  crystallizer  is 
shown  in  Figure  27.  The  color  of  most  samples  is  an  off-white  to 
light  gray.  The  recovered  product  does  tend  to  darken  as  the  run 
progresses,  indicating  long  crystal  retention  times  in  the  crys¬ 
tallizer.  Typical  bulk  density,  screen,  elemental  amalysls  and 
thermal  stability  data  are  described  in  Table  IX. 

(3)  .Discussion  (U) 

•(C)  During  the  past  year  continuous  direct  crystallization 
of  aluminum  hydride-l45l  has  definitely  been  demonstrated.  However, 
several  problems  were  encountered  in  the  development  program  and 
liave  (^*??yed  many  of  the  fundamental  studies.  Progress  which  has 
been  icade  in  delineating  and  solving  these  problems  along  with  the 
e.xperlmer.tal  effort  lo  discussed  below. 


(a)  Mechanical  Design  (U) 

(C)  The  Draft-Tube  Baffle  crystallizer,  shown  schematically 
in  Figure  28,  was  originally  selected  for  the  aluminum  hydride  crys¬ 
tallization  work.  An  experimental  unit  having  a  capacity  of  l4  gal¬ 
lons  was  designed  and  fabricated  of  hares ite -coated  mild  steel.  A 
problem  with  pinholes  in  the  hereslte  developed,  auid  eventually  led 
to  the  oeterloratlon  of  the  coating  as  a  result  of  acid  leaching  of 
the  base  metal  during  clean-up  acidizing.  This  deterioration 
occurred  primarily  in  weld  areas  and  where  sharp,  square  edges  ex¬ 
isted.  Modifications  in  the  design  of  the  draft-tube  and  draft-tube 
supports  Improved  the  durability  of  the  hereslte  coating,  but  some 
problems  were  still  experienced,  particularly  in  the  weld  between 
the  cylindrical  section  and  the  cone-shaped  bottom.  No  problems 
with  the  hereslte  have  been  noted  on  smooth,  flat  surfaces. 

(U)  The  crystallizer  liquid  level  and  temperature  are 
used  to  control  the  flow  rates  of  feed  solution  and  make-up  benzene, 
respectively.  The  control  loop  for  the  feed  solution  Includes  a 

DynatrofS'  liquid  level  sensing  device,  a  millivolt  converter,  and 
a  recorder-controller  to  convert  the  electrical  signal  to  a  pneumatic 
signal.  A  similar  control  loop,  baaed  on  temperature  of  the  cir¬ 
culating  fluid,  regulates  the  flow  of  make-up  benzene.  The  control 
ranges  for  these  two  loops  are  ±2%  of  full  scale  for  the  level 
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ju^ry  of  Condltlona  and  Results  fPMi  Serle  i 


Run 

No. 

Peed 

Tine  Rate 

Hre.  iMi.ylii 

Te»D«rtture 

C«H« 

’C. 
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•c. 
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.. 

32 
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.. 

.. 

.. 

„ 

33 
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.. 

.. 
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mm 

3^ 
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35 
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<5 
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.. 
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•• 

.. 

.. 

40 
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90 

10 

41 
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»2 

0.5 

— 
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77.9-7*.9 

“ 

100 

— 

— 
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— 
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5 

„ 

95 
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♦5 
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Reflected  Light 

(C)  Pig.  27  -  Photop?lcrograph  of  Typical 
Aluralnufli  Hydrlde-l45i  Obtained 
from  the  DTB  Crystallizer 
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(U)  Pig.  28  -  Schematic  Diagram  of  the  Draft  Tube 
Baffle  Crystallizer 
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controller  and  ±0.2‘’C.  for  temperature.  Other  Instruments  such  as 
a  pressure  Indicator,  temperature  recorders,  flow  meters,  etc.  were 
Installed  and  calibrated.  In  addition,  water  and  oxygen  analyzers 
were  Installed  to  monitor  the  concentrations  In  ppm. of  these  Im¬ 
purities  In  the  solvents,  gaseous  nitrogen  system,  and  the  dry  box 
atmosphere . 

(C)  Mechanical  design  of  the  aluminum  hydride  crystallizer 
Is  believed  to  be  extremely  critical.  It  Is  known  that  Inqjurltles , 
Including  oxygen  and  water,  affect  both  the  crystallization  step 
and  the  quality  of  the  final  product.  Since  the  original  DTB 
crystallizer  la  relatively  complex,  making  It  more  difficult  to 
effectively  clean,  dry,  and  purge  the  unit,  a  modified  crystallizer 
was  designed.  The  revised  unit,  shown  schematically  In  Figure  29, 
la  bas«d  on  the  same  operating  principles  as  the  DTB  and  Is  designed 
to  Integrate  with  all  existing  auxiliary  equipment.  Features  of 
the  new  unit  Include  (l)  the  elimination  of  the  settling  annulus 
which  la  a  "hidden  surface";  (ll)  an  Increased  L/D  ratio;  (ill)  an 
Increased  cone  angle  from  60  to  75  degrees;  (iv)  a  reduced  s  irface 
to  volume  ratio;  and  (v)  a  radius  of  curvature  on  all  welds  w  lere 
the  slope  changes.  Fabrication  and  herealte  coating  of  the  modified 
unit  have  been  completed.  The  new  unit  will  be  Installed  during 
the  first  week  In  January,  I966. 

(b)  Nucleablon  (C) 

(C)  The  conditions  and  mechanism  of  nucleatlon  of  the 
aluminum  hydride  are  extremely  critical  in  determining  the  quality 
of  the  final  product.  Investigation  of  the  nucleatlon  process  has 
been  a  major  part  of  this  year's  effort.  The  purpose  of  these 
studies  was  to  elucidate  the  nucleatlon  process  and  to  determine 
and  optimize  those  parameters  which  control  the  formation  of  nuclei. 

'  k' 

(C)(l)  Methods  -  All  runs  have  been  nucleated  by  a  "thermal  seeding" 
technique  developed  In  the  laboratory.  Four  methods, 
shown  In  Figure  jo.  have  been  evaluated.  The  first  method 
consisted  of  adding  an  ether  mixture  of  aluminum  hydride, 
lithium  aluminum  hydride,  and  lithium  borohydrlde  to 
ambient  temperature  benzene  and  heating  until  nucleatlon 
occurred.  The  long  heating  time  resulting  In  excessive 
decomposition  In  the  solution.  The  second  method  was 
adapted  to  reduce  this  heat  treatment  time.  In  this 
method  the  hydride  mixture  was  added  to  preheated  benzene. 

The  third  method  consisted  of  charging  batch-wise  the  same 
mixture  to  boiling  benzene.  This  method  resulted  In  a 
temperature  drop  without  nucleatlon  occurring.  By 
reheating  the  solution  to  a  higher  temperature,  nucleatlon 
could  be  obtained.  The  fourth  method  la  a  variation  of 
the  third  with  the  initial  feed  Introduced  over  a  period 
of  time  (20-50  minutes),  maintaining  a  high  temperature, 
thus  a  low  ether  concentration.  The  final  method  has 
given  the  moat  reproducible  nucleatlon  results  and  will 
be  used  In  most  future  work. 
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(U)  ?lg.  29  -  Modified  Crystallizer 
-80- 

CONFIDENTIAL 


CONFIDENTIAL 


TIME. MIN. 


Method  2 


TIME.  MIN. 


TIME. MIN. 


Method  3  Method  4 

®  NUCLEATION  FEED  SOLUTION  ADDED  TO  CRYSTALLIZER 


(u)  Pig.  30  -  "Thermal  Seeding"  Nucleatlon 
Methods  (Time  -  Temperature  Profiles) 
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(C)  (ll)  Parameters  -  The  parameters  which  apparently  control 
the  nucleatlon  process  are  aluminum  hydride  concen¬ 
tration,  additive  concentration,  solution  feed  rate, 
and  temperature.  The  hydride  parameters  were  studied 
In  both  the  laboratory  and  the  DTB  crystallizer.  The 
optimum  conditions  for  nucleatlon  and  the  functional 
relationship  between  the  controlling  parameters  have 
not  been  completely  established.  Further  studies  are 
planned  In  the  near  future,  as  reproducible  nucleatlon 
la  mandatory  for  other  parameter  studies. 

(C)  The  aliamlnum  hydride  concentration  at  nucleatlon  has 

varied  between  0.003  and  0.015  K.  At  higher  con¬ 
centrations,  nucleatlon  of  undesirable  phases,  par¬ 
ticularly  aluminum  hydride-1444,  is  obtained.  It  la 
known  that  direct  nucleatlon  can  occur  at  concentrations 
as  low  as  0.003  M,  if  the  conditions  are  Ideal.  The 
lithium  aluminum  hydride  concentration  has  varied  from 
0.001  to  0.010  M  based  on  the  excess  11th'  jn  aluminum 
hydride  added.  This  concentration  la  nol  exact,  but 
It  la  related  to  the  reaction  atolchlorae*  and  will 
be  discussed  later.  The  nucleatlon  U.  ,<i;*ature  depends 
upon  feed  rates  and  concentrations.  :V  la  believed  that 
the  nucleatlon  temperature  should  be  78.5*C.  to  79.0“C. 
for  beat  results.  Rapid  addition  of  aluminum  hydride 
usually  results  In  the  formation  of  undesirable  phases, 
particularly  aluminum  hydride-1433,  which  subsequently 
affects  crystallinity. 

(C)  (111)  Mechyilam  -  In  all  the  batch  and  many  of  the  early 
continuous  crystallization  laboratory  runs  most  of 
the  aluminum  hydride  nucleated  as  alumlniUB  hydride- 
1433  and  changed  rapidly  to  the  desired  aluminum 
hydrlde-l45l  phase.  This  mechanism  has  predomi¬ 
nated  In  most  of  the  aluminum  hydride  process  work.  It 
Is  postulated  that  direct  crystallization  of  aluminum 
hydride-1451  from  solution  was  possible  In  a  continuous 
crystallizer  and  should  lead  to  Improved  crystallinity. 
Experimentation  has  shown  that  direct  nucleatlon  of 
alvMnum  hydrlde-l451  aoes  occur  In  the  DTB  crystallizer. 
In  fact,  only  a  few  runs  have  nucleated  £is  aluminum 
hydride -1433. 

(C)  Nuclei  usually  appear  as  either  well  formed  cubes  or 

hexagons  of  aluminum  hydrlde-l451 .  The  ciystal  growth 
rate  Is  generally  very  rapid,  resulting  In  Imperfections. 
Additional  problems  of  agglomeration  are  noted  In  some 
runs.  An  extremely  ssraall  (<5  p)  foreign  material 
precipitates  prior  to  the  aluminum  hydride  nucleatlon, 
as  shown  In  Figure  31.  The  effect  of  this  material 
on  nucleatlon  Is  not  fully  understood.  It  Is  believed 
that  this  material  is  lithium  chloride  which  enters  the 
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(C)  Pig.  31  -  Photograph  of  Initial  Small  Particles 
Present  during  Beginning  Crystallization  of 
Aluminum  Hydride-1451 


crystallizer  in  solution  and/or  as  very  small 
particles  (<3  u).  Laboratory  data  have  shown 
that  the  solubilities  cf  the  various  hydrides  and 
reaction  products  are  complex  and  Interrelated. 

These  unknown  particles  do  not  appear  to  change 
after  Initial  precipitation.  Attempts  to  Isolate 
and  Identify  these  particles  have  not  been 
successful. 

(C)  (iv)  Conclusions  -  The  following  conclusions  can  be  drawn 
from  the  nucleatlon  work; 

-  Direct  nucleatlon  of  aluminum  hydride-1451  is 
both  feasible  and  practical  and  under  con¬ 
trolled  conditions  can  occur  rapidly. 

-  The  presence  of  Cl"  either  as  A1C1H2,  AlCla, 
or  possibly  LlCl  Inhibits  the  nucleatlon  of 
AIH3. 


-  High  concentrations  of  aluminum  hydride' 
result  In  the  formation  of  some  undesirable 
phases. 

-  Temperature  must  be  high  or,  more  specifically, 
ether  content  low,  to  obtain  acceptable  nuclei. 
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(c)  Solution  Stability  (U) 

(C)  Random  decomposition  of  aluminum  hydride  on  the  Inner 
walls  of  the  crystallizer  and  elutrlatlon  system  has  continually 
been  a  major  crystallization  problem,  and  thus  It  has  delayed  the 
fundamental  parameter  studies.  This  problem  Is  related  primarily 
to  the  presence  of  Impurities  In  the  crystallizer  media.  Impurities 
may  be  generated  In  the  reactor  train  (Cl");  or  they  may  be  Intro¬ 
duced  from  starting  materials,  the  atmosphere  (water  and  oxygen), 
the  residue  from  the  previous  run,  etc.  Considerable  effort  has 
been  expended  to  eliminate  these  Impurities  In  order  to  control  the 
decomposition  problem. 

(U)  Originally  '•  Impurities  were  believed  to  be  Intro¬ 
duced  by  the  reac  ntc  am  jlventa  and/or  related  to  the  effective¬ 
ness  of  the  cltan-.’  procedure.  Hence,  raw  material  quality  was 
evaluated  In  the  laboratory  and  found  to  yield  comparable  product. 

The  cleaning  procedure  was  also  extensively  evaluated  and  standard¬ 
ized.  The  procedure  Is  detailed,  but  consists  primarily  of  acidizing, 
rinsing  with  distilled  water,  drying,  rinsing  with  ether  and/or  ben¬ 
zene,  and  purging  with  dry  nitrogen.  The  random  and  sevei-e  decom¬ 
position  originally  observed  has  been  nearly  eliminated  by  high 
temperature  treatment.  The  exact  effect  of  the  heat  treatment  Is 
not  clearly  known;  however.  It  appears  to  be  very  necessary.  Al¬ 
though  these  steps  have  significantly  reduced  decomposition,  they 
have  not  completely  eliminated  it.  Therefore,  additional  work  Is 
necessary  to  delineate  the  other  factors  responsible. 

(C)  Impurities  are  also  generated  during  reaction.  The 
by-product,  lithium  chloride,  is  essentially  Insoluble  In  the  ether 
solvent  system,  although  It  has  been  shown  to  have  some  slight  sol¬ 
ubility  when  hydrides  are  present.  It  Is  believed  that  this 
lithium  chloride  may  Initiate  and/or  accelerate  the  observed  decom¬ 
position.  Therefore,  several  steps  have  been  taken  to  reduce  or 
eliminate  the  lithium  chloride.  A  treatment  with  sodium  borohydrlde 
at  50“C.  to  chemically  react  with  the  lithium  chloride  Is  Included. 
Dilution  of  the  feed  solution  with  benzene  also  precipitates  some 
lithium  chloride.  Therefore,  a  standpipe  was  Installed  In  the 
feed  tank  to  give  a  settling  chamber  for  particles  precipitated 
during  dilution.  In  addition,  a  final  5  \i  filter  has  been  Installed 
between  the  feed  tank  and  crystallizer.  Analysis  of  the  feed  so¬ 
lution  will  be  made  to  compare  with  previous  data. 

(C)  Several  other  possible  causes  of  solution  decom¬ 
position  are  being  evaluated.  Included  are  electrical  effects, 
residue  In  the  distillation  column,  materials  of  construction, 
l.e.,  hereslte  and  glass,  etc.  However,  no  definite  causative 
relationships  have  been  established  as  yet  In  any  of  these  areas. 

(C)  It  Is  also  believed  that  mechanical  design  Is  a  con¬ 
tributing  factor  In  the  decomposition  problem,  due  to  ^hidden 
surfaces,"  flanges,  or  unused  nozzles  and  other  fittings  vrfilch  hold 
product  and/or  are  difficult  to  clean.  The  modified  crystallizer 
design  dlscu&aed  earlier  should  minimize  many  of  these  problems. 
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(d)  Reaction  Stoichiometry  (U) 

(C)  It  is  known  that  the  presence  of  soluble  chlorides 
in  the  crystallizing  media  significantly  increases  the  solubility 
of  aluminum  hydride.  In  several  runs  in  the  DTB  crystallizer, 
large  quantities  of  aluminum  hydride  were  added  without  nucleation 
occurring.  Elemental  analysis  of  both  the  feed  solution  and  crys¬ 
tallizer  filtrate  confirmed  the  presence  of  chlorides. 

(C)  Stoichiometric  quantities  of  lithium  aluminum  hydride 
and  aluminum  chloride  are  reacted  in  a  batch  reactor.  Since  the 
quantity  of  reactants  charged  is  based  on  concentrations  of  ether 
solutions,  small  errors  in  concentrations  and  measurements  lead 
to  errors  in  stoichiometry  and,  consequently,  to’ excess  chloride 
in  the  feed  solution,  resulting  in  a  problem  not  encountered  in 
the  batch  process.  At  present,  no  rapid  chemical  or  physical  method 
of  determining  the  end-point  of  this  reaction  exists.  Work  has  been 
initiated  to  develop  a  reliable  method.  However,  until  such  a 
method  is  operational,  a  small  excess  of  lithium  aluminum  hydride 
is  added  to  assure  complete  reaction.  The  presence  of  the  excess 
lithium  aluminum  hydride  is  not  advantageous,  as  the  solubility 
of  lithium  alumin’am  hydride  at  operating  conditions  is  small,  re¬ 
sulting  in  the  precipitation  and  presence  of  lithium  aluminum  hy¬ 
dride  crystals  in  the  crystallizer  at  all  times.  The  effect  of 
these  crystals  on  the  nucleation  amd  growth  of  aluminum  hydride  is 
not  fully  understood,  but  some  data  indicated  a  deleterious  effect 
on  crystallinity  and  product  adhesion. 

(e)  Crystallization  Parameters  (U) 

(C)  The  detailed  fundamental  parameter  studies  were  de¬ 
layed  until  the  solution  decomposition  and  nucleation  problems 
were  solved.  Information,  however,  has  been  collected  which  in¬ 
dicates  the  effect  of  the  major  parameters.  Based  on  these. ob¬ 
servations,  agitation,  feed  rate,  and  crystal  retention  time  are 
the  most  significant. 

(C)(1)  Agitation  -  It  has  been  shown  in  the  laboiatory  that 

agitation  does  affect  both  the  particle  size  and  shape. 
Variation  in  agitation  has  been  studied  in  the  DTB  crys¬ 
tallizer,  including  the  use  of  various  flow  patterns. 

The  speed  of  the  propeller  type  agitator  has  been  varied 
from  50  to  250  rpm.  Variations  in  results  have  been 
observed;  however,  no  definite  conclusion  can  be  drawn 
from  the  preliminary  data.  Extensive  Investigation  of 
this  parameter  is  planned  in  the  future.  The  agitatior 
type,  speed,  and  flow  pattern  will  all  be  studied. 

(C)(ii)  Feed  Rate  -  The  normal  feed  rate  of  a  0.3  molar  alu- 

minum  hydride  feed  solution  to  the  DTB  crystallizer  is 
approximately  0.5  moles/hr.  No  attempts  have  been 
made  to  vary  the  feed  concentration,  as  premature 
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precipitation  of  the  aluminum  hydride  becomes  a  prob¬ 
lem  at  higher  concentrations.  The  addition  rate  has 
been  varied  from  about  0.3  to  0.75  moles/hr.  However, 
no  conclusions  could  be  drawn  from  the  preliminary 
data,  although  it  has  been  shown  in  the  laboratory 
that  feed  rates  do  affect  both  the  nucleatlon  and 
growth  processes. 

(C)  (ill)  Crystal  Retention  -  Accurate  data  on  the  avei-age 

retention  time  of  crystals  in  the  crystallizer  have 
not  been  obtained.  In  general,  however,  the  present 
residence  time  appears  to  be  too  long,  as  both  par¬ 
ticle  agglomeration  and  crystal  imperfections  Increase 
as  the  run  time  Increases.  Therefore,  it  appears  man¬ 
datory  that  methods  be  adopted  which  will  reduce  the 
crystal  retention  time  if  product  quality  is  to  be 
Improved. 

It  la  anticipated  that  continuous  removal  of  crystals 
by  filtration  Instead  of  settling  will  significantly 
reduce  the  retention  time  and  Improve  the  crystallinity 
of  the  product.  An  all-Teflon  diaphragm,  which  should 
be  compatible  with  the  system,  will  be  evaluated  early 
in  1966.  Total  recycle  rates  of  30-60  minutes  for 
crystallizer  contents  through  the  filter  are  projected. 

(C)  (iv)  Additives  -  Concentrations  of  lithium  aluminum 

hydride  and  lithium  borohydrlde  have  varied  from  0.002 

bw  v.wc  iu<jxco/ji.  wxi.ii  bu  biic  bubax  awxUbxun  xil 

the  crystallizer.  These  concentrations  are  not  exact, 
as  they  depend  on  the  stoichiometry  of  the  reaction 
mixture  as  discussed  earlier.  Feed  solution  containing 
a  slight  excess  of  lithium  aluminum  hydride  causes  the 
concentration  in  the  crystallizer  to  be  constantly 
changing.  Hence,  excess  lithium  aluminum  hydride  and 
lithium  borohydrlde  are  sometimes  observed  to  pre¬ 
cipitate  in  the  crystallizer  along  with  the  aluminum 
hydride.  It  la  believed  that  crystals  of  either 
additive  hydride  affect  the  crystallinity  and  growth 
of  the  aluminum  hydride-1451.  Several  runs  were  made 
omitting  the  initial  addition  of  lithium  borohydrlde 
to  the  crystallizer.  However,  some  is  added  due  to  the 
sodium  borohydrlde  treatment.  These  runs  resulted  in 
aluminum  hydride -1451. with  similar  nucleatlon  and  growth. 
The  product  did,  however,  contain  a  higher  percentage 
of  hexagonal,  single  crystals  in  some  of  the  runs. 
Therefore,  the  presence  of  lithium  borohydrlde  may 
affect  the  crystal  habit  of  aluminum  hydride-1451. 
Additional  work  is  being  done  to  optimize  the  con¬ 
centrations  of  the  additive  hydrides  and  to  determine 
the  effect  of  each  on  nucleatlon  and  growth. 
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(C)  (v)  Additional  Parameters  -  There  are  several  other  param- 
eters  of  the  system  which  require  Investigation,  such 
as  temperature,  elutrlatlon  recycle  rates,  nucleatlon 
and  growth  additives,  stabilizing  additives,  etc.  The 
effect  of  temper  iture  was  discussed  earlier  and  Is  not 
believed  to  have  a  significant  effect  on  the  growth 
rate;  however.  It  la  critical  during  nucleatlon,  as 
discussed  earlier. 

(f)  Crystallization  Concept  (U) 

(C)  A  new  concept  of  aluminum  hydride  crystallization 
has  been  briefly  Investigated  during  the  last  quarter  of  the  year. 
The  concept  Involves  a  dilute  feed  which  eliminates  distillation 
from  the  aluminum  hydride  process,  yet  Incorporates  solvent  recycle. 
The  main  advantage  of  this  process  la  the  elimination  of  the  need 
for  high  heat  transfer  rates,  and,  consequently,  high  wall  tempera¬ 
tures  which  accelerate  product  decomposition.  Secondary  advantages 
Include  simplification  of  the  crystallization  process,  and  economic 
savings  In  both  direct  and  Indirect  coats. 

(C)  A  schematic  diagram  of  the  process  la  presented  In 
Figure  32.  The  system  consists  of  a  reactor,  filter,  and  crystal¬ 
lizer  employing  a  single  solvent  system.  Peed  solution  la  pre¬ 
pared  by  recycling  the  overflow  from  the  crystallizer  through  a 
reactor  where  solid  lithium  aluminum  hydride  and  an  ether-benzene 
solution  of  aluminum  chloride  are  added  continuously.  The  reactor 
efflupnt  Is  filtered  to  remove  Insoluble  ilLhium  chloride  and 
charged  to  the  crystallizer  at  the  bottom  of  an  elutrlatlon  leg 
where  classification  of  the  crystalline  product  occurs.  The  flow 
rate  la  adjusted  to  yield  the  desired  particle  size.  The  aluminum 
hydride  crystallizes,  reducing  the  concentration  In  the  overflow 
stream  to  the  equilibrium  value.  The  "single  solvent"  Is  a  constant 
boiling  ether-benzene  mixture.  It  consists  of  6  volume  percent 
ether  and  g4  volume  percent  benzene  at  em  operating  temperature 
of  76 "C.  The  unit  Is  equipped  with  a  total  condenser  to  maintain 
the  desired  operating  temperature.  The  concentration  and  flow 
rate  of  the  reactor  effluent  stream  establish  the  crystallization 
rate. 


(C)  Experimental  work  has  demonstrated  the  feasibility 
of  the  crystallization  step.  Dilute  feed  solutions  of  aluminum 
hydride  were  prepared  In  an  ether-benzene  system  In  the  batch 
reactor  train  and  transferred  to  a  hold  tank.  Continuous  addition 
of  this  dilute  feed  to  the  crystallizer  resulted  In  samples  con¬ 
taining  entirely  aluminum  hydrlde-l45l.  Results  of  fourteen  runs 
made  In  the  unit  are  summarized  In  Table  X.  The  major  problem 
appears  to  be  reproduclbly  obtaining  acceptable  nuclei  of  aluminum 
hydride-1451.  No  significant  problems  were  experienced  with 
decomposition. 
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(U)  Pig.  32  -  Schematic  Diagram  of  New  Crystallizer 


-88- 

CONFIDENTIAL 


CONFIDENTIAL 


03 

C 

3 

« 

0) 

•o 

u 

Si 


X 

« 

r-( 

ja 

M 


o 


4^ 

O 

a 

*0 

g 

a* 


03 

a 

u 

(d 

E 

0) 

« 


o 

3 

C 

o 


S' 


H 

4«| 


c 

o 

tH 
C  ^ 

o  (d 

<H  (h 

4J  +> 

3  C 

I— t  d) 

o  o 
CO  c 
o 

t> 


a 

EO 


o 

o 


c 

c 

0 

▼4 

0 

P 

p 

▼H 

03 

• 

n 

0 

P 

0 

O* 

C 

0, 

B 

0 

E 

• 

0 

03 

0 

tH 

0 

0) 

0 

0) 

0 

u 

0) 

*0 

0, 

T3 

0 

0 

r<^ 

0) 

D 

c 

B 

K^ 

E 

0 

-SJ- 

0 

0 

CO 

CO 

:s 

1 

*0  1 

0) 

t  i 

t  I 

1 

1 

1 

i 

1 

1 

a 

E  m 

1  0 

0 

1 

a 

1 

(d  CM 

1  0 

CM 

1 

3 

1 

09 

I— < 

03 

o 

!  ir\  z  ir\  o 
'  c\)  o 


•  00 


4^ 

o 

2 


i  ir» 

i  cu 


o 

o 


o 

3 

C 

o 

2 


0Jo^-oooaJ^~t<^(^J  co^ 


ir> 

I  I 


'P  ^^^-^-^~vovo 

£>•  fw  N»  K»  K,- 

'  •  I  I  t  ill 


'O  iTi  u*  00  CW  mO  C\J  OJ  •=»•  CM  C\J 


I 


t>- 


as 


I  I 
•P  K>  C\J 
(0  •  • 
«>  00  00 
JZ  IS* 


oooooooo 


o  o 


in  m  in 

o  o  o 


ooooooooo 


S’ 

t4 

Fh 

3 

T3 


'§  ^ 

•  • 

o  o 


:*j 

H 


in  in  ^ 

<Tl  <T»  o^ 


invovovovovoiovo 

o^o^o^o^o^o^o^o^ 


m 

•  • 

o  in  in 


T3 

03 

+i 

cd  VO  VO 
C  ON  OV 


03 

•:» 


,  C 

•O  03  tH 

<U  +>  E. 
03  (d  Sj 
fcK  ^ 


I  loo 

l•=^■fnC\IOJQ|^^-l^-«  IW 


CM 


psasl  oooooooicl^cicit!,^!,^;, 


-89- 

CONFIDENTIAL 


CONFIDENTIAL 


(C)  The  data  obtained  are  preliminary  and  Inconclusive. 

It  Is,  however,  apparent  that  the  concept  Is  feasible,  and  that 
'with  additional  development  work  a  practical  alumlni;®  hydrlde-l45i 
process  can  be  developed. 

B.  FUNDAMENTAL  DECOMPOSITION  STUDIES  OF  ALUMINUM  HYDRIDE-1451  (C) 

(C)  It  Is  believed  that  the  development  of  a  sound  theoretical 
explanation  of  all  the  observed  facts  of  aluminum  hydride  decom¬ 
position  will  greatly  assist  In  devising  methods  to  Improve  the 
stability  of  aluminum  bi'drlde.  A  discussion  of  current  results 
tnd  their  Interpretation  In  terms  of  modem  solid  state  decomposi¬ 
tion  theory  are  presented . 


1.  Kinetics  and  Mechanism  of  Decomposition  (U) 

(C)  The  decomposition  of  aluminum  hydride  Invariably  produces 
a  sigmoid -shaped  curve  when  the  percent  decomposition,  or  change 
In  pressure  over  the  hydride,  Is  plotted  as  a  function  of  time. 

This  type  of  curve,  characteristic  of  many  other  solid  state  decom¬ 
positions,  Indicates  the  possibility  of  an  autocatalytlc  reaction. 
However,  from  the  theory  of  solid  state  reactions,  a  general  hypoth¬ 
esis  has  been  made  that  explains  the  apparent  autocatalytlc  nature 
of  the  reaction  In  terms  of  the  formation  of  nuclei  at  certain 
localized  spots  In  the  reactant,  followed  by  the  relatively  rapid 
growth  of  these  nuclei. 


(C)  Supporting  evidence  of  the  AIH3-1451  general  decomposition 
theory  should  be  Interpreted  In  terms  of  the  formation  and  growth 
of*  slunilnuin  nuclol«  Xn  or*lgln2tsd  f'i’oin  3  study 

of  the  aluminum  metal  formed  after  total  decomposition  of  the  hy¬ 
dride,  surface  area  changes,  and  application  of  mathematical  equa¬ 
tions  successfully  applied  to  the  decomposition  of  other  solids. 
Prom  the  previous  studies  It  was  suggested  that  the  decomposition 
of  the  hydride  should  be  Interpreted  In  terms  of  a  three  stage 
process : 


(1) 


The  Initial  reaction  occurring  at  the  surface  of  the 
crystals . 

H :  H*  +  e 


(11)  The  formation  of  stable  aluminum  nuclei. 

(ill)  The  reaction  occurring  at  the  Interface  between  the 
AIH3-145I  and  the  aluminum  metal. 


It  has  been  pointed  out  that  the  last  two  processes,  nucleatlon 
and  nuclei  growth,  are  Independent  and  will  vary  with  time.  Ini¬ 
tially,  the  nucleatlon  process  will  dominate,  while  later  It  will 
progressively  lose  some  of  Its  Importance. 
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(C)  During  the  past  year,  a  new  technique  applied  to  the  study 
of  the  decomposition  of  aluminum  hydride  resulted  In  a  more  funda¬ 
mental  understanding  of  the  nucleatlon  and  growth  process  occurring 
during  decomposition  of  the  hydride.  The  use  of  a  .aetallograph^ , 
depicted  In  Figure  33,  for  the  first  time, allowed  direct  otserva- 
tlon  of  the  sites  where  aluminum  nuclei  originate  In  the  Alii3-l451 
lattice  and.  Indirectly,  the  growth  of  these  nuclei  as  the  decom¬ 
position  of  the  hydride  progresses.  It  should  be  pointed  out  that 
nuclei  can  only  be  observed  microscopically  after  they  have  already 
been  growing  for  some  time.  Prom  these  photomicrographs.  It  was 
very  surprising  to  find  that  there  existed  a  significant  difference 
between  various  lots  of  hydride  In  the  formation  of  aluminum  metal 
In  the  aluminum  hydride  particles.  The  most  surprising  discovery 
was  the  existence  of  aluminum  nuclei  throughout  the  Interior  of  the 
particle,  a  condition  characteristic  of  some  lots  of  hydride,  as 
Illustrated  by  a  sample  of  pilot  plant  material  (05134)  In  Figure 
34.  This  la  In  marked  contrast  to  other  lots  of  liydrlde,  such  as 
the  magnesium  stabilized  laboratory  sample  and  another  laboratory 
sample  In  Figures  35  and  36,  respectively,  representing  materials 
decomposed  to  approximately  the  same  degree. 

(C)  The  white  areas  In  the  photomicrographs  represent  aluminum 
metal,  whereas  the  gray  material  represents  the  hydride.  These 
differences  In  Ihe  run.-ation  of  aluminum  In  an  aluminum  hydride 
particle  suggest  that  different  decomposition  mechanisms  may  be 
operative . 

(C)  In  an  effort  to  determine  the  quantity  of  dislocations, 
grain  boundaries,  etc.  present  In  aluminum  hydride  particles,  the 
mounted  cross-sectioned  samples  were  etched  v;lth  a  HF  solution 
for  five  seconds.  The  results  obtained  from  the  examination  of 
three  different  types  of  hydride  demonstrated  that  the  pilot  plant 
material  had  a  much  larger  concentration  of  cracks,  grain  bounda¬ 
ries,  dislocation  lines,  etc.  than  does  the  laboratory  or  single 
crystal  samples.  It  Is  thought  that  many  of  the  etched  lines  In 
the  laboratory  and  pilot  plant  samples  represent  grain  boundaries 
present  In  the  agglomerate;  however,  the  differentiation  between 
grain  boundaries,  cracks,  etc,  would  require  additional  study, 

(C)  It  was  also  found  that  decomposition  caused  a  marked  In¬ 
crease  In  the  concentration  of  etched  lines.  A  sample  decomposed 
7,15^  at  lOC’C.  under  vacuum,  prior  to  mounting  and  etching,  demon¬ 
strated  an  observed  Increase  In  concentration  of  etched  lines, 
compared  to  the  control  sample.  This  Is  believed  to  be  due  to  an 
Increased  cracking  of  the  aluminum  hydride  particle  due  to  strain 


^We  wish  to  acknowledge  the  asslutance  of  H.  Diehl  ard  D.  Baker 
of  the  Metallurgical  Laboratory  of  The  Dow  Chemical  Company  for 
their  contributions  to  this  section. 
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(C)  Pig.  34  -  PhotoDlcrograph  of  a  Cross-Sectioned 
Pilot  Plant  Sample  (05134)  of  Aliunlnum  Hydride 
Decomposed  47. 65^  Magnified  1500  Times 
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caused  by  aluminum  formation,  and  strongly  Implies  that  the  hypoth¬ 
esis  suggested  by  Prout  and  Tompkins  (2)  as  a  general  explanation 
of  the  propagation  of  their  chain -branching  mechanism  Is  correct. 

(C)  Adc’.tlonal  Information  about  the  decomposition  of  aluminum 
hydride  was  rjbtalned  by  partially  decomposing  a  given  lot  of  mate¬ 
rial  to  varijus  percentages  at  100*C.  under  vacuum  prior  to  cross- 
sectioning.  Three  different  lots  having  different  preparation 
histories  are  shown  In  Figures  37.  38,  and  39.  In  addition  to 
Illustrating  the  differences  In  nucleatlon  and  growth  during  the 
decomposition  of  aluminum  hydride,  as  discussed  earlier.  It  la  also 
shown  that  the  hydride  particles  do  not  appreciably  cha^e  their 
external  size  or  shape  during  decomposition.  Thus,  the  hydride  Is 
transfomed  during  decomposition  Into  very  porous  aluminum  metal 
particles  as  shown  In  the  above  figures.  The  absence  of  crumbling 
or  disintegration  during  decomposition  had  also  previously  been 
noted  from  decomposition  studies  performed  on  a  hot  stage  under  a 
microscope . 

(u)  It  has  also  been  observed  that  not  all  particles  appear 
to  decompose  at  ‘^he  same  rate.  However,  It  Is  possible  that  this 
la  a  consequence  of  the  particular  region  cross -sectioned,  and, 
for  that  reason.  It  cannot  be  said  with  certainty  that  this  Is  the 
case.  It  would,  '/.owever,  not  be  surprising,  since  differences  In 
particle  perfection,  purity,  size,  etc.,  must  exist  and  these  are 
known  to  Influence  the  rate  at  which  decomposition  Is  Initiated. 

(C)  During  the  past  year  consideration  of  the  origin  of  Ini¬ 
tiation  of  decomposition  In  the  lattice  has  led  to  a  proposed 
working  hypothesis  on  an  atomic  scale.  It  should  be  emphasized 
that  this  proposed  hypothesis  Is  based  on  current  thoughts  regarding 
the  decomposition  of  aluminum  hydride,  and  will  be  modified,  changed, 
and  expanded  as  new  data  dictate. 

(C)  The  proposed  nucleatlon  mechanism  of  aluminum  hydride  de¬ 
composition  originates  from  the  Interpretation  of  the  decomposition 
of  other  solids  presented  In  the  open  literature  (3,  4,  5). 

(C)  The  nucleatlon  of  aluminum  nuclei  In  the  AIH3-1451  lattice 
Is  thought  to  Involve  a  three -step  process: 

(1)  A  process  Involving  the  diffusion  of  anonequlllbrlum 
concentration  of  anion  vacancies  through  the  hydride 
by  a  vacancy  transfer  mechanism. 

(11)  The  formation  of  "gem  nuclei"  by  capture  of  elec¬ 
trons  by  the  vacancies  at  the  surface  or  grain 
boundaries. 

(ill)  The  coalescence  of  "germ  nuclei"  to  form  active 
growth  nuclei. 
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50.5^  Decomposition  1005^  Decomposition 

(U)  Pig.  57  -  Photomicrographs  of  a  Cross-Sectioned  Pilot  Plant  Sample 
at  various  Percents  of  Decomposition,  Magnified  500  Times 
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50.5^  Decomposition  ^BTJ^ecomposmor^^^^" 

(U)  Pig.  39  -  Photomicrographs  of  a  Cross-Sectioned  Magnesium  Stabilized 
Sample  at  Various  Percents  of  Decomposition,  Magnified  500  Times 
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(C)  Structure  considerations  strongly  suggest  that  anion 
vacancies  could  easily  be  produced  In  excess  of  the  equilibrium 
concentration  during  preparation  of  A1H3-1451. 

(C)  If  the  AIH3-1433  structure,  as  suggested  by  Duke  (6)  and 
supported  by  Infrared  data,  contains  one  terminal  hydrogen,  and  If 
the  AIH3-1451  lattice  Is  a  completely  three-dimensional  hydrogen 
bridged  structure,  then  It  Is  proposed  that,  during  the  phase  tran¬ 
sition  of  AIH3-1433  to  AIH3-1451,  not  all  of  the  terminal  hydrogens 
In  the  AIH3-I433  structure  become  bridged  In  the  AIH3-I45I  lattice. 
When  this  occurs  during  transition.  It  ic  postulated  that  hydrogen 
gas  la  evolved,  leaving  a  defective  AIH3-1451  lattice  possessing  e. 
non-equlllbrlum  concentration  of  anion  vacancies.  It  la  recognized 
that  loss  of  hydrogen  la  not  necessary  to  produce  auilon  vacancies, 
but  loss  of  hydrogen  during  this  transition  has  been  observed.  It 
should  also  be  pointed  out  that  loss  of  hydrogen  from  the  surface 
of  the  hydride  will  likewise  contribute  to  the  formation  of  a  non- 
equlllbrlum  concentration  of  anion  vacancies. 

(C)  If  this  hypothesis  la  correct,  the  direct  crystallization 
of  AIH3-1451,  without  going  through  the  AIH3-1433  phase,  should 
certainly  yield  a  more  perfect  crystal.  This  hypothesis  also  sug¬ 
gests  that  perhaps  some  of  the  difficulty  observed  with  the  decom¬ 
position  during  the  preparation  of  alumlnvun  hydride  Is  a  result  of 
the  following  equation; 

3/2  Ha  +  3e 

Al'*'^  +  3  e  •»  Al* 

AIH3  3/2  Ha  +  Al' 

(C)  In  the  above  equations.  If  the  hydride  Ions  combine  to 
form  hydrogen,  electrons  must  be  given  up.  Electrons  trapped  In 
crystal  lattices  generally  Impart  color  to  the  crystals.  Because 
solid  AIH3-1451  la  normally  white.  It  would  appear  that  the  electr.  ns 
are  hot  trapped  In  the  solid.  Hence,  It  Is  presumed  that  the  electrons 
reduced  either  Al'^s  or  some  other  more  easily  available  or  reduc¬ 
ible  species.  Therefore,  a  small  electrolytic  cell  may  have  been 
built  Into  the  system,  causing  decomposition. 

(C)  The  proposed  ratc-determiinlng  step  for  the  Initiation  of 
decomposition  (nucleatlon)  la  the  rate  of  diffusion  of  anion  vacan¬ 
cies  through  the  lattice  by  a  vacancy  transfer  mechanism.  Eventually 
these  vacancies  are  presumed  to  arrive  at  a  surface  or  gral.i  boundary 
where  they  form  active  aluminum  nuclei.  The  diffusion  .coefficient 
for  this  process  la  obtained  from  the  following  equation; 

D  . 

where  D  Is  the  diffusion  coefficient,  A  the  frequency  factor,  Q 
the  activation  energy,  T  the  temperature,  and  R  the  gas  constant. 

The  diffusion  mechanism  of  fiuilon  vacancies  through  the  lattice  of 
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A1H3-1451  would  also  explain  the  Increased  stability  of  aluminum 
deuterlde  compared  to  aluminum  hydride,  as  the  diffusion  coeffi¬ 
cient,  D,  will  be  much  lower  for  the  deuterlde  than  for  the  hydride. 

(C)  Non-solvated  AIH3-1451,  as  originally  prepared,  was  light 
brown;  however,  later  samples  were  found  to  be  snow  white.  Since 
then  It  has  been  demonstrated  that  ITJ  Irradiation,  electron  bom¬ 
bardment,  and  gamma  radiation  of  the  hydride  result  In  a  similar 
light  brown  color.  Doping  of  the  hydride  with  transition  metal 
Impurities  such  as  nickel  and  Iron  also  produces  a  light  brown 
hydride. 

(C)  Therefore,  the  color  of  aluminum  hydride  can  originate 
either  from: 

(1)  Transition  metal  Ions  Incorporated  Into  the  hydride 
lattice,  or 

(11)  Excitation  of  electrons  In  the  solid-  followed  by 
trapping  at  anion  vacancies  forming  color  centers. 

(C)  Since  the  formation  of  "germ  nuclei"  results  from  the 
ability  of  anion  vacancies  to  capture  electrons  generated  by  the 
excitation  of  a  hydride  Ion,  surface  treatments  will: 

(1)  Reduce  the  mobility  of  anion  vacancies  and  electrons 
at  surfaces,  thus  slowing  down  the  rate  of  Initiation 
of  decomposition,  and 

(11)  Reduce  the  mobility  of  "germ  nuclei"  which  must 
coalesce  to  form  aluminum  nuclei  of  a  critical 
diameter  before  they  become  active  growth  nuclei. 

(C)  It  has  always  been  assumed  that  the  decomposition  of  the 
hydride  originated  predominantly  at  the  external  and  Internal  sur¬ 
faces  of  the  hydride.  The  original  metallographlc  observation  of 
aluminum  formation  throughout  the  Interior  of  the  particle,  as 
shown  In  Figure  34, was  therefore  unexpected.  The  Prout-Tompklns  (2) 
chain-branching  mechanism  does,  however,  readily  account  for  this 
observation.  The  decomposition  employing  this  model  Is  still 
thought  to  originate  at  the  external  and  Internal  surfaces  but 
propagates  by  crack  formation,  etc.,  resulting  In  the  formation 
of  new  surfaces  for  nuclei  formation. 

(C)  The  formation  of  additional  nuclei  by  the  chain-branching 
mechanism  Is  apparently  a  much  more  Impi.T’-'^ant  process  than  the  for¬ 
mation  of  fresh  nuclei  for  certain  hydride  lots.  The  reason  for 
this  difference  Is  not  exactly  known,  but  Is  believed  to  be  related 
possibly  to  the  degree  of  perfection  of  the  hydride  particles. 
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(C)  Different  techniques  used  In  the  preparation  of  aluminum 
hydride  are  believed  to  be  capable  of  affecting  the  degree  of  crys¬ 
tal  perfection.  The  Prout -Tompkins  (2)  equation  Is  derived  theo¬ 
retically  on  the  basis  of  a  branching  mechanism  for  the  reaction 
which  arises  because  of  mechanical  strains  set  up  by  the  layer  of 
product  on  the  surface.  The  branching  mechanism  Is  considered  to 
be  due  to  crack  formation  In  the  crystals,  which  leads  ultimately 
to  mechanical  disruption.  Our  recent  studies  appear  to  support 
this  hypothesis  as  an  explanation  of  the  branching  mechanism.  The 
rapid  propagation  of  the  branching  chain  through  the  crystal,  as 
shown  In  Figure  3^,  tends  to  separate  the  aluminum  hydride  particle 
Into  a  number  of  mosaic  blocks. 

(C)  The  range  of  decomposition  over  which  the  equation  fits 
varies,  depending  upon  the  shape  of  the  pressure-time  curve.  Ex¬ 
amples  of  the  extreme  degrees  of  symmetry  observed  for  the  P-T 
decomposition  curves  for  aluminum  hydride  are  shown  In  Figures  40 
and  41.  It  has  been  found  that  the  Prout -Tompkins  (2)  equation 
frequently  holds  for  the  P-T  curves  of  Type  I  over  the  range  of 
5-9^  decomposition.  However,  the  fit  la  not  nearly  as  good  for 
hydrides  exhibiting  a  Type  II  P-T  curve. 

b.  Growth  Processes  (ij) 

(C)  Metallographlc  studies  of  the  formation  and  growth  of 
aluminum  nuclei  of  various  lots  of  hydride  have  shown  that  appar¬ 
ently  two  different  growth  models  for  decomposition  sites  In  alu- 
mlnam  hydride  can  exist  following  nucleatlon.  Once  nucleatlon 
commences,  either  rapid,  two-dlmentlonal  growth  at  the  surface 
occurs,  as  shown  In  Figure  56,  so  that  the  surface  or  edges  of 
the  particle  are  rapidly  covered  with  a  layer  of  aluminum,  or  the 
reaction  may  spread  out  three -dimensionally  from  a  single  nucleus, 
as  shown  In  Figure  35. 

(C)  The  mathematical  equations  theoretically  derived  for  these 
and  other  solid  state  decomposition  models  have  been  summarized  by 
Gamer  (7).  However,  the  observation  that  different  nucleatlrn 
(normal  vs.  chain -branching)  and  growth  processes  (two  dlmonslorial 
vs.  three-dimensional)  are  Involved  In  the  thermal  decomposition 
of  aluminum  hydride  has  added  to  the  complexity  of  this  process. 

It  Is  now  obvious  that  the  surface  area  of  the  Interface  at  which 
decomposition  Is  occurring  not  only  changes  as  decomposition  pro¬ 
ceeds,  but  the  original  Interface  surface  area  also  differs,  de¬ 
pending  upon  the  type  of  growth. 

c.  Interface  Decomposltj on  Reaction  (u) 

(C)  To  have  a  comprehensive  understanding  of  the  complete  de¬ 
composition  of  aluminum  hydride,  it  is  also  necessary  to  understand 
the  reaction  occurring  at  the  Interface  between  the  AIH3-I451  lat¬ 
tice  and  the  aluminum  nuclei  as  the  decomposition  proceeds  at  the 
Interface. 
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(C)  Pig.  4o  -  Type  I  SjT!.iietrlcal  Pressure-Time  Decomposition 
Curve  Exhibited  by  Aluminum  Hydride 
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(C)  Pig.  -  Type  II  Af  -.etrlcal  Pres  sure -Time  Decomposition 
Curve  Exhl  ^ted  by  Aluminum  Hydride 
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(C)  In  writing  the  overall  re.Ciion  for  the  decomposition  of 
aluminum  hydride  to  aluminum  and  h^dj'ogen,  It  Is  assumed  that 
several  transient  species  such  as  ii* ,  AIH2,  and  AlH  actually  exist 
for  finite  periods  of  time.  In  addition,  It  Is  expocteu  that  free 
aluminum  atoms  momentarily  exist  In  other  spatial  arrangements 
before  the  formation  of  the  aluminum  metal  structure.  Information 
generated  from  mass  spectrographlc  (8),  electron  spin  resonance, 
and  flash  heating  studies  of  the  decomposition  of  aluminum  hydride^ 
has  Indicated  the  existence  of  several  Intemedlate  species  de¬ 
pending  upon  experimental  conditions.  Further  work,  however,  will 
be  required  to  Identify  the  exact  chemical  nature  of  all  the  species 
formed  during  decomposition. 

2.  Magnesium  Stabilization  of  Aluminum  Hydride-1431  (C) 
a.  Presence  of  Magnesium  In  the  Aluminum  Hydride -1451  Lattice  ( c ) 

(C)  It  has  been  noted  that  magnesium -doped  aluminum  hydride 
samples  appear  to  be  much  more  light-sensitive  than  normal  hydride, 
and  will  turn  light  brown  very  quickly  upon  exposure  to  UV  Irradia¬ 
tion.  This  sensitivity  of  magnesium -doped  hydride  to  discolor  sug¬ 
gests  that  magnesium  stabilizes  aluminum  hydride  by  controlling  the 
rate  at  which  anionic  vacancies  and/or  electronic  Imperfections 
diffuse  through  the  solid  to  crystal  imperfections,  probably  grain 
boundaries,  and  to  the  surface  where  they  fom  aluminum  nuclei. 

(C)  The  known  stabilization  of  aluminum  hydride  by  Incorpora¬ 
tion  of  magnesium  Into  the  crystal  lattice  can  now  be  explained  In 
terms  of  the  ability  of  magnesium  to  create  an  energy  barrier  for 
the  diffusion  of  anion  vacancies  through  the  lattice  to  the  surface 
or  grain  boundaries  where  clustering  and  electron  capture  produce 
active  aluminum  nuclei,  and,  hence,  the  Initiation  of  decomposition. 
The  exact  location  of  magnesium  In  the  lattice »of  a^unlnum  hydride 
and  the  mechanism  by  which  It  creates  this  energy  barrier  are  not 
clearly  known.  Magnesium  Is,  however,  known  to  be  randomly  Incor¬ 
porated  Into  the  crystal  structure  because  the  lattice  of  magnesium- 
doped  material  Is  expanded.  A  knowledge  of  the  exact  location  of 
the  magnesium  In  the  hydride  lattice  and  Its  Immediate  environment 
should  give  further  Insight  Into  the  stabilization  of  the,  hydride. 

(C)  Recent  studies  have  produced  additional  information  towards 
resolving  and  elucidating  these  questions.  The  acf  al  chemical 
species  Incorporated  Into  the  AIH3-1451  lattice  during  magnesium 
doping  Is  thought  to  be  magnesium  aluminum  hydride.  This  is  based 
on  the  following  Information; 

(1)  There  Is  good  evidence  that  the  doping  agent  is 
soluble  magnesium  aluminum  hydride. 


^Ihese  will  be  discussed  later  In  this  report. 
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(ll)  HaRi'-oalurri -doped  4IH3-I451  samples  display  a  small 
abi-orptlon  shoulder  at  2000  cmT'^  In  the  Infrared; 
this  Is  In  the  same  absorption  frequency  region 
of  an  aluminum -hydrogen  stretching  mode  In  magne¬ 
sium  aluminum  hydride. 

(Ill)  Changes  occur  with  age. 

(C)  A  careful  analysis  of  the  Infr  "ed  spectrum  obtained  fru.n 
magnesium -doped  hydride,  as  shown  in  F  *6  42  and  Table  XI,  Indi¬ 
cates  two  additional  small  absorption  ^.s  normally  not  observed 
In  AIH3-145I;  in  addition,  there  la  a  if ting  to  a  lower  frequency 

of  the  aluminum -hydrogen  stretching  vl--itlons  which  would  be  pre¬ 
dicted  as  a  result  of  magnesium  expandl  the  hydride  lattice.  One_ 
of  the  new  absorptions  Is  a  small  shoulder  at  approximately  2000  cm7^, 
which  la  the  same  absorption  frequency  region  as  that  of  an  alumlnum- 
h,ydrogen  stretching  mode  In  magnesium  aluminum  hydride.  The  absorp¬ 
tion  peak  at  II08  cm7^  bears  no  correlation  with  either  Infrared 
spectrumof  the  hydrides  alone. 

(C)  It  la  therefore  suggested,  although  the  evidence  is  cer¬ 
tainly  not  conclusive,  that  the  species  Incorporated  Into  the  hydride 
lattice  may  be  present  essentially  as  magnesium  aluminum  hydride, 
the  doping  agcit  used  for  Its  Incorporation. 


Table  XI 


(C)  Comparison  of  Infrared  Frequencies  of 
Magrealum -Doped  and  Standard  Aluminum  Hydricle"^451 


_ _ Frequencies,  cm7^ _ 

i  Aluminum  Magnesium-Doped 

■*  Aluminum  Hydride-1451 

2000  (New) 

1840 

1730 

1108  (New) 

i  >  875 

7  755 

675 

590 

b.  Aging  -'I*  MsKoesl  >m -Doped  Aluminum  Hydride -1451  (C) 

(C)  It  was  discovered  from  surveillance  of  magnesium -doped 
A1H3-1451  samples  stored  at  -15*C.  under  an  inert  atmosphere  that  a 
large  Improvement  In  stability  occurred  unexpectedly  after  approxi¬ 
mately  five  months' storage.  One  sample,  data  shown  In  Figure  43» 
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Increased  In  stability,  as  measured  by  Tallanl  test,  from  15  to  45 
days  befor-  reaching  1%  decomposition  at  60“C.  Another  sample  In¬ 
creased  from  15  to  75  days  before  reaching  decomposition  (Figure 
44).  These  samples  currently  represent  som.e  of  the  most  stable 
sam.ples  of  aluminum  hydride  prepared  and  evaluated  In  this  labora¬ 
tory  . 

(C)  The  Initial  rapid  gassing  exhibited  during  the  first  day 
by  aged  magnesium-doped  A1H3-1451  samples,  Illustrated  In  Figures 
45  and  44,  Is  odd  and  was  originally  thought  perhaps  to  be  a  result 
of  unintentional  exposure  to  moisture,  as  that  type  of  decomposition 
curve  Is  typical  of  an  undrled  sample.  More  recently,  It  was  dis¬ 
covered  that  the  total  amount  of  gassing  duriiig  the  first  day  Is 
roughly  correlated  with  the  degree  of  Improvement  during  aging  as 
shewn  In  Table  XII.  No  correlation  with  the  concentration  of  mag¬ 
nesium  In  the  samples  was  observed.  These  Initial  gassing  data 
Imply  that  at  least  a  portion  of  the  magnesium  may  be  originally 
Incorporated  into  the  hydride*  lattice  as  magnesium  aluminum  hydride, 
and  that  this  configuration  appears  to  be  unstable  In  the  presence 
of  the  A1H3-1''51  lattice,  which  upon  aging  undergoes  transformation 
to  a  more  stable  configuration,  liberating  hydrogen  in  the  process. 
The  extent  of  this  transfomatlon  could  then  be  approximated  by  the 
quantity  of  gas  evolved  during  aging.  Hence,  the  observed  correla¬ 
tion  between  initial  gassing  and  Improved  stability  can  be  ration- 
allied  by  the  slow  diffusion  of  hydrogen  generated  during  this  trans¬ 
formation  from  the  Interior  of  the  crystals.  Since  this  correlation 
Is  no^  nnr'Tn?lly  observed  for  hi'drlds  stored  under  Identical  condi¬ 
tions,  It  Is  concluded  that  the  enhanced  stability  Is  probably  a 
result  of  an  annealing  protess.  However,  the  effect  of  surface 
moisture  treatment  may  still  be  a  consideration. 


Table  Xn 


(C)  Theraal  Stability  of  Magnesium-Doped, 
Aged  Samples  of  Aluminum  Hydride -145T 

Decomposition  Days  to  Reach 


Sample 

Number 

56  Mg  In 
Sample 

During  First 
Day,  mole  56 

156  Decomp 
Original 

osltlon 

Rerun 

Days  Im- 
pr’ovsinsn  V 

Age  In 

M 

tiiO 

5855-145 

2.09 

0.02 

14.5 

15.7 

None 

~5 

5855-151 

1.64 

0,07 

15.5 

22.5 

9 

~6 

5855-145 

1.96 

0.10 

16.8 

29 

12 

~7 

5855-142 

1.72 

0.15 

12.9 

42 

29 

5855-146 

2.07 

0.17 

12.8 

75 

62 

~7 

0) 

n 

Q 

0) 
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(C)  Several  chemical  equations  could  be  written  to  'explain  the 
transformation  and  generation  of  hydrogen. 

^  MgHs  +  2  Al®  +  5  Ha 

Hg(AlH4)2  ^  (MgH2*2AlK3) — >  Hg®  +  2AIH3-I451  +  Ha 

Mg®  +  2  Al®  +  4  Ha 

(c)  However,  It  Is  presently  not  known  which  reaction  or  com¬ 
bination  of  proposed  reactions  Is  taking  place.  Hence,  farther 
speculation  at  this  time  dees  not  appear  Justified  because  of  a 
lack  of  supporting  data. 


(c)  Realizing  that  a  transformation  of  this  type  can  occur 
with  time.  It  Is  now  suggested  that  the  aging  phenomenon  of  normal 
AIH3-145I  can  also  be  CAplalned  by  a  similar  mechanism.  Since  It 
Is  known  that  all  aluminum  hydride  samples  contain  lithium  which 
cannot  be  washed  out  with  ether.  It- appears  likely  that  an  amount 
of  LIAIH4  and/or  LIBH4  Is  also  Incorporated  Into  the  hydride  lat¬ 
tice  In  an  unstable  configuration  during  crystallization;  under 
suitable  aging  conditions  these  species  may  also  undergo  trans¬ 
formations  and/or  readjustment  of  the  atoms  In  the  lattice  to  a 
more  stable  configuration. 


c.  Kinetic  Studies  of  the  Deccmpccitlon  of  Aluminum  Hydride-1431  ( C ) 

(C)  The  activation  energy  for  the  acceleration  period  during 
the  decomposition  of  normal  AIH3-1451  Is  2^.0  ±  1.5  kcal./mole  as 
determined  by  the  Prout -Tompkins  equation  given  below: 


In  P/Pj,-P  =  kt  +  C 

(C)  It  was  previously  reported  (l)  that  two  samples  containing 
0.9^  magnesium  yleDdcd  an  average  activation  energy  of  24.9  kcal./ 
male,  using  a  mercury  manometer  to  follow  the  changes  In  pressure. 
Recent  measurements  on  magnesium-doped  samples  containing  approxi¬ 
mately  2.O5E  magresium  have  yielded  much  higher  activation  energies. 

A  typical  magnesltm-dcoed  sample  was  decomposed  at  100®,  IJO®,  and 
150®C.  on  a  pressure  tiansducer  apparatus.  The  results  are  shown 
In  Figures  45  and  4(S .  Table  XIII  summarizes  the  data  acquired  In 
obtaining  tlie  Arrnenlus  plot  shown  in  Figure  47.  From  the  slope 
of  the  line  which  Is  equal  to  -E/2.505  R,  the  activation  energy 
E  was  calculated  to  be  55.8  kcal./mole. 

(C )  The  reason  for  the  difference  In  previously  reported 
values  for  magnesium-doped  hydride  Is  not  presently  known,  but  could 
be  a  result  of  the  higher  concentrations  of  magnesium,  effect  of 
mercury,  or  changes  during  aging.  These  possibilities  are  cur- 
•rentiy  under  examination. 
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(C)  Pig.  'tS  -  Decomposition  Curve  of  Aluminum 
Hycirlde-1451  at  150“C.  and  150“C. 
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(C)  Pig.  47  -  Arrhenius  Plot  Obtained  for  the  Acceleration 
Reaction  of  Aluminum  Hydride-l45l 
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Tabic  XIII 


1  Summary  of  Decomposition  Data  of  Aluminum  Hydrlde-l4 

at  Various  Temperatures  Using 

Prout -Tompkins  Equation 

Time® 

hours 

1/t 

Log 

1/t 

Temp . 
“K. 

1/T  X  10“^ 

255 

0.00392 

5.407 

373 

2.68 

5.1 

0.1960 

0.707 

403 

2.48 

0.8 

1.250 

O.097 

423 

2.36 

^To  reach  20^  decompositlcn . 


d.  Decomposition  Rates  of  Masnes lam -Doped  Aluminum  Hydrlde-I^^I  (C ) 

(C)  The  decomposition  rates  observed  for  two  different  magne¬ 
sium-doped  samples  at  100 ®C .  are  shown  In  Figures  48  and  49.  These 
decomposition  rates  were  measured  by  a  pressure  transducer  to  elim¬ 
inate  any  possibility  of  mercury  stabilization  that  might  occur  from 
use  of  a  mercury  manometer.  These  samples  represent  some  of  the 
most  thermally  stable  hydride  evaluated  at  100®C.,  with  the  data 
shown  In  Figure  48  demonstrating  the  smallest  sigmoid -shaped  decom¬ 
position  curve  observed  to  date.  The  accelerated  portion  of  the 
decomposition  curve  changed  rate  at  about  6.55»  decomposition,  after 
which  subsequent  decomposition  occurred  at  a  greatly  reduced  rate. 

A  new  type  of  decomposition  curve  for  a  magnesium -doped  sample  not 
previously  observed  for  aluminum  samples  at  100 ®C .  is  shown  In 
Figure  49.  The  characteristic  sigmoid  decomposition  curve  normally 
observed  from  the  beginning  was  absc.it,  althoupjh  the  sample  subse¬ 
quently  demonstrated  an  Increased  rate  of  decomposition  similar  to 
that  Illustrated  In  Figure  45.  These  decomposition  curves  Indi¬ 
cate  that  .-.11  magnesium -doped  hydrlae  samples.  In  general,  exhibit 
this  new  type  of  decomposition  curve  at  100 ®C. 

?.  Long-Term  Surveillance  Studies  of  Aluminum  Hydrlde-l451  (C) 

(C)  A  number  of  macrocrystalline  aluminum  hydride  samples  have 
been  under  surveillance  lor  long-term  storage  studies.  These  studies 
were  necessary  to  check  the  accuracy  of  the  predicted  shelf  life 
extrapolated  from  accelerated  test  data.  The  samples  are  stored  In 
taped  glass  vials  under  an  Inert  atmosphere  at  ambient  and  -15®C. 
temperatures.  In  addition,  six  other  lots  of  hydride  are  being 
evaluated  at  4o“0.  The  samples  are  routinely  checked  for  percent 
decomposition  by  carbon  and  hydrogen  analysis,  and  the  results  are 
recorded  In  Tables  XIV  and  XV.  Eleven  different  lota  of  Dow  Pilot 
Plant  material  have  been  stored  for  a  period  of  from  1.3  to  1.8 
years.  During  this  time,  leas  than-l^C  decomposition  has  been  de¬ 
tected  at  ambient  and  essentially  no  decomposition  at  -15®C.,  as 
determined  by  hydrogen  content.  The  percentugca  of  decomposition 
shown  In  Table  XIV  are  still  within  the  experimental  error  of 
analysis.  Hence,  at  this  time,  these  numbers  are  not  absolute 
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I  -  Thermal  Stability  of  a  Magnesium-Doped  Aluminum 
Hydride-1451,  Sample  5853-141,  at  100“C. 
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values  but  represent  only  an  Indication  of  a  small  amount  of  decompo¬ 
sition.  Visual  examination  of  the  samples  shows  that  those  stored  at 
ambient  temperature  have  turned  light  gray,  Indicating  a  small  amount 
of  decomposition,  whereas  those  stored  at  -15*C.  are  still  white. 


Table  XIV 


(C)  Long-Term 

Storage  Stability  of  Aluminum 

Hydride-1451 

%  Decomposition 

Sample  Number 

Age,  years 

Ambient  Storage 

Storage 

5655-85 

2.6 

2.8 

2.0 

02034A 

1.8 

0.8 

None 

02044 

1.8 

0.4 

None 

02044 

1.8 

None 

None 

02134A 

1.8 

None 

None 

03294 

1.7 

0.9 

None 

04194 

1.6 

1.1 

None 

06014A 

1.4 

0.7 

None 

0602  A 

1.4 

1.0 

None 

06054 

1.4 

None 

None 

06104a 

1.4 

None 

None 

06104AT(VCN) 

1.4 

None 

None 

07084 

1.3 

1.0 

None 

07084T(VCN) 

1.3 

None 

None 

^Determined  by  <arbon  and  hydrogen  analysis;  hydrogen  ^  1%  of  total. 

Table  XV: 


(C)  Long-Term  Storage  Stability  of  Aluminum  Hydrlde-l451  at  40”C. 


Sample  Number® 

%  Decomposition® 

After  80  days 

After  97  days 

04185A 

1.3 

1.3 

04195 

1.8 

2.4 

04265B 

1.1 

2.2 

06225 

0.2 

1.7 

06275 

1.2 

2.5 

06285 

1.0 

2.2 

Average  %  Decomp. 

1.1 

2.1 

^Samples  stored  5  months  In  cold  storage  pr^or  to  evaluation. 
^Determined  by  carbon  and  hydugen  analysis;  hydrogen  ±  1%  of  total. 
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^C.  The  oldeut  saripl>3  of  ni:ic:ocry3i,;>llin“  .'*j,_ilrlde  under  .5ur- 
v^'LIlapce  ha:,  new  i  ..t  '’<-d  for  a  perio  :  oi‘  r’  u  y^are.  It  '^na 
o.r.’iblted  a;pro.\lr.atGlj-  g'  ..Trposltlon  al  .  ..rL^.n':  teoipcnturt' 

8tid  2. Of?  deoorr.poo '.*lcr  at  -1.*  •  nowever,  ic  1::  I’.iought  chat  the 

decon.pod  ■  tl.Tn  for  tr.1.3  sample  ja  hi  .*h  ty  ^  proximate ly  '  c-r  more, 
3it;c«-'  i;  Is  based  on  an  original  h/dro~en  value  of  lO.lSji. 

(C/  Hxtrapo' atec  hoconposltlon  rates  from  accelerated  decom- 
posltlcr  studies  had  Itidioa  that  he  hydride  shoulo  have  reacned 
1^  decomposition  In  about  C.L3  years,  '  ■■  5^6  In  1.2  years.  A  com¬ 
parison  of  the  extrapoTitod  stability  data  with  thai  obtained  under 
actual  storage  condltlcr.s  shows  tl.e  measured  surveillance  stability 
to  be  currently  5  to  7  times  better  t’.  an  originally  predicted. 


(C)  The  data  presently  obtained  from  six  different  lots  stored 
at  an  elevated  temperature  of  40‘’C.  are  summarized  in  Table  XV.  It 
was  noted  that  within  a  few  days  the  lots  had  started  to  change  to 
light  gray.  After  80  days'  storage,  the  six  lots  exhibited  an 
average  of  l.ljfi  decomposition,  and  after  97  days'  storage  an  average 
of  2.05^  decomposition.  This  compares  with  a  predicted  decomposi¬ 
tion  rate  of  ijS  in  3C  days  or  ^  in  approximately  100  days. 


(C)  ‘The  need  for  accuracy  on  the  long-term  storage  stability 
data  of  neat  aluminum  hydride  samples  cannot  be  overemphasized. 

For  that  reason,  the  oxygen  content  of  two  different  lots  of  hydride 
(06014A  and  06054)  was  determined  by  neutron  activation  analysis 
to  determine  If  the  samples  had  absorbed  or  reacted  to  any  signifi¬ 
cant  degree  with  moisture  and/or  oxygen  which  niay  be  present  in  the 
inert  atmosphere. 


(C)  Analysis  of  both  the  samples  at  ambient  temperature  and 
-13*C.  Indicated  no  significant  change  from  the  concentration 
originally  present.  Both  samples  showed  O.JJt  to  0.4$^  oxygen  with 
no  significant  difference  between  the  oxygen  concentration  found 
as  a  result  of  storage  at  the  two  temperatures. 

(C)  In  addition  to  periodically  determining  the  percent 
decomposition  by  carbon  and  hydrogen  analysis,  the  samples  were 
also  examined  at  60‘’C.  to  determine  the  change  in  thermal  stability 
of  the  material  witli  time. 


(C)  Tables  XVI,  XVII,  and  XVIII  summarize  the  information 
obtained  from  the  Tallanl  test  at  60°C.  on  the  various  lots  stored 
at  ambient  temperature,  -15‘'C.,  and  40°C.  over  the  designated 
period  of  time.  Figures  50,  51^  52,  ard  55  represent  plotted 
examples  of  lots  02044A,  05294,  02154A,  and  04194  summarized  in 
Tables  XVI  and  XVII.  Plotting  the  days  to  reach  1^  decomposition 
at  60'’C.  versus  storage  time  again  dramatically  Illustrates  the 
aging  phenomenon  previously  reported  (l).  The  samples  do  not 
always  decrease  in  stability  as  is  expected  or  originally  observed 
for  the  old  fine  powder  products  (9),  but  will  sometimes  Increase 
in  stability  with  time. 
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(C )  The  data  Illustrated  In  Figures  50,  51.  and  53  c3o  suggest 
this  temperature  dependency,  as  the  samples  stored  at  ambient  tempera 
ture  have  reached  a  maximum  stability  prior  to  that  obtained  for 
the  same  sample  stored  at  -15’'C.  ;Flgure  52  Indicates  that  the 
thermal  stability  at  -15“C .  la  changing  at  a  slower  rate  than  for 
the  corresponding  ambient  temperature  sample  as  the  two'  lines  are 
diverging  with  time. 

(C )  Without  further  knowledge  It  would  be  predicted  that  the 
maximum  stabilities  observed  for  the  samples  at  ambient  temperature 
might  be  the  maximum  stability  exhibited  by  the  sample  at  any  tempera 
ture.  However,  this  apparently  Is  not  true,  as  some  lots  stored  at 
-15“C.  have  shown  stabilities  greater  than  originally  observed  and 
greater  than  that  exhibited  at  any  time  by  the  samples  stored  at 
ambient  temperature.  The  examples  shown  In  Figures  50  and  52  sug¬ 
gest  that  the  annealing  process  is  In  competition  with  the  process 
governing  the  Initiation  of  decomposition,  and  If  the  temperature 
la  too  high  the  detrimental  decomposition  process  will  overcome 
the  beneficial  effect  of  the  annealing  process. 

Table  XVI 

(C )  Effect  of  Storing  Aluminum  Hydride  at 
Ambient  Temperature  on  Thermal  Stability 

Days  to  Reach  1%  Decomposition  at  60*C  _ 

_ Storage  Time,  months _ 


Sample  No . 

Original 

8 

11 

16 

20 

3655-95-2 

4.2 

5.8 

3.7 

4.5 

9.6 

8.7 

02034A 

5.3 

3.3 

7.2 

8.0 

9.2 

8.6 

02044 

3.9 

3.9 

6.6 

6.3 

6.8 

8.3 

02044A 

4.5 

2.8 

11.7 

12.5 

13.0 

9.6 

02134A 

5.3 

8.7 

11.2 

8.5 

9.0 

7.0 

04194 

5.5 

7.2 

6.3 

6.0 

-- 

-- 

03294 

8.0 

6.9 

5.4 

4.6 

-- 

-- 

06014A 

6.2 

5.0 

4.2 

4.2 

-- 

-- 

0602 4 A 

6.3 

4.7 

4.0 

4.2 

-- 

— 

06054 

8.0 

5.9 

4.5 

4.1 

-- 

-- 

06 104 A 

10.0 

8.-5 

7.4 

7.3 

-- 

-- 

06 104 AT 

10.2 

8.5 

7.1 

6.2 

— 

-- 

07084 

7.2 

6.2 

6.3 

5.8 

« 

-- 

07084T 

6.3 

5.4 

4.1 

3.6 

-- 

-- 

^Tallanl  test  ±  0.2^  decomposition. 
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Table  XVII 

yC)  Effect  of  Storing  Aluminum  Hydride 
at  -13"C.  on  Thermal  Stability 

Days  to  Reach  1%  Decomposition  at  60°C.^ 

Storage  Time,  months 


Sample  No. 

Original 

3 

8 

11 

16 

20 

5655-95-2 

4.2 

— 

-- 

-- 

— 

— 

0205^ A 

5.3 

4.7 

4.4 

4.8 

5.3 

5.4 

02044 

3.9 

3.7 

6.7 

7.0 

8.9 

5.6 

02044a 

4.5 

4.4 

5.1 

6.8 

8.3 

9.2 

02154a 

5.3 

4.6 

10.5 

11.6 

13.9 

12.6 

04394 

5.5 

7.6 

9.0 

8.9 

— 

— 

03294 

8.0 

7.7 

7.9 

7.6 

— 

— 

06014A 

6.2 

5.0 

5.7 

7.1 

— 

— 

06024A 

6.3 

5.7 

5.8 

6.8 

-- 

— 

06054 

8.0 

6.2 

6.8 

7.1 

— 

— 

06 104 A 

10.0 

8.7 

10.2 

9.4 

— 

— 

06 104  AT 

10.2 

8.8 

8.7 

9.6 

— 

-- 

07084 

7.2 

6.7 

7.0 

7.4 

-- 

— 

07084T 

6.3 

7.1 

6 .6 

7.0 

-- 

-- 

®Tallanl  teat  ±  0.2J6  decompoaitlon. 

Table  mil 

(C)  Effect  of  Storing  Alumlnam  Hydride 
at  4o*'C.  on  Thermal  Stability 

Days  to  Rea c h  l$fe  Decomposition  at  60”C.^ 


Sample  Number 

Original 

storage  Time, 
42  63 

days 

(.  .■.04l.''<34 

6.6 

^.9 

2.6 

3.5 

1.25 

0-H95A 

6.6 

4.8 

4.5 

3.4 

1.1 

04265B 

7.5 

5.8 

4.7 

3.1 

1.1 

06225 

8.7 

8.0 

6.2 

3.6 

2.4 

06275 

6.2 

5.6 

4.6 

3.9 

0.9 

06285 

6.6 

5.9 

3.8 

2.5 

1.4 

®Tallanl  test  ±  0.2?^  decompoaitlon. 


-121- 

CONFIDENTIAL 


CONFtDENTIAL 


-122- 

CONFIDENTIAL 


Pig.  50  -  Effect  of  Age  on  the  Thermal  Stability  of 
Aluminum  Hydrlde-l451i  Sample  02044-A,  at  60®C. 
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(C)  Two  hydride  lota  yielded  yearly  a  three -fold  Improvement 
In  thermal  atablllty  during  a  storage  period  of  l6  months.  This 
aging  phenomenon  may  explain  the  large  discrepancy  between  the  ob¬ 
served  and  predicted  shelf  life  at  ambient  temperature.  The  decom¬ 
position  rate  la  baaed  on  the  atablllty  of  the  sample  observed 
Immediately  after  preparation  and  does  not  consider  any  changes 
In  the  hydride  with  time,  which  would  counteract  the  process  or 
processes  Involved  in  the  Initiation  of  decomposition. 

(C)  This  aging  phenomenon  could  be  rationalized  in  several 
ways;  however  any  further  explanation  beyond  that  alr<»ady  discussed 
in  Sections  B-1  and  B-2  would  be  speculative  at  this  time*.  It  Is 
presently  preferred  to  think  only  In  terms  of  a  time -temperature 
dependent  annealing  process,  as  It  Is  expected  that  the  annealing 
process  will’  take  place  slower  at  reduced  temperatures.  However, 

It  must  be  remembered  that  as  temperature  Increases,  not  only  does 
the  rate  of  annealing  Increase,  but  also  the  rate  or  tendency 
towards  decomposition.  Hence,  an  optimum  temperature  must  exist 
for  each  sample  at  wnlch  the  rate  of  Initiation  of  decomposition 
Is  small  and  the  rate  of  annealing  large,  resulting  In  a  maximum 
stabilization  of  the  hydride  In  a  minimum  length  of  time.  Further 
supporting  data,  obtained  from  hydride  lots  stored  at  40“C.,  are 
summarized  In  Table  XVIII.  Each  of  the  six  lota  decreased  consist¬ 
ently  In  stability  during  a  storage  period  of  96  days,  again  sug¬ 
gesting  If  the  temperature  la  too  high  the  decomposition  process 
will  Indeed  dominate. 

(C)  The  data  make  It  quite  clear  that  the  aging  phenomenon 
exhibited  by  the  various  lots  of  hydrides  differs  significantly 
from  lot  to  lot.  This  variation  between  lots  must  be  related  to 
the  preparation  and  environmental  history.  It  Is  Interesting  to 
note  that  the  stability  of  9  of  11  samples  stored  at  -15*C.  has 
remained  approximately  the  same  or  significantly  Increased,  after 
a  storage  period  of  8  months.  Only  5  of  11  lots  stored  at  ambient 
temperature  for  the  same  period  of  time  Increased  In  stability. 

Pour  of  these  lots,  02034A,  02044,  02044A,  and  02134A,  were  made 
at  approximately  the  same  time. 

(C)  The  rate  of  change  In  the  thermal  stability  with  time  for 
the  hydride  varies  for  a  given  period  of  time.  Sometimes  the  change 
In  decomposition  rate  Is  large  for  a  given  period,  while  other  times 
It  Is  small.  This  appears  tb  suggest  that,  due  to  changes  thot  are 
occurring  In  the  hydride,  the  hydride  may  at  certain  periods  of  time 
be  more  vulnerable  to  decomposition.  It  Is  hoped  that  a  better  under¬ 
standing  of  the  decomposition  mechanism  will  result  from  an  Intensive 
study  of  the  aging  phenomenon. 

(C)  Two  long-term  storage  samples,  lots  06i04AT  and  07084T, 
were  surface  treated  with  vinyl  cyanide.  A  comparison  0?  these 
lota  with  the  reference  lota  06104A  and  07084  showed  no  significant 
difference.  Data  on  hydride  samples  surface  treated  with  various 
materials  and  evaluated  over  a  long  period  of  time  have  been  pre¬ 
viously  reported  (1).  The  results;  at  that  time,  demonstrated 
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definite  differences  In  the  clrectlon  and  magnitude  of  change  for 
the  annealing  process  when  the  reference  was  compared  to  the  other 
surface-treated  samples.  The  older  data  suggest  that  the  condition 
of  the  surface  may  be  playing  a  role  In  the  long-term  stability 
of  the  sample. 

4.  Effect  of  Doping  Aluminum  Hydride  Crystals  with  Various  Additives  (C) 

(C)  Past  experience  with  crystal  lattice  additives  such  as  mag¬ 
nesium  has  proven  this  to  be  a  valid  and  fruitful  approach  toward 
Improving  the  stablllcy  of  A1H3-1451.  For  this  reason,  the  study 
of  various  elements  as  crystal  lattice  additives  was  conducted 
with  the  objective  of  finding  a  better  additive  and/or  combination 
of  additives  which  would  produce  an  even  greater  Increase  In  the 
thermal  stability  of  the  hydride. 


(C)  The  experimental  difficulties  encountered  In  this  study 
center  around  the  Incorporation  of  the  desired  element .  Experience 
has  demonstrated  that  the  doping  £^ent  must  be  carefully  chosen  If 
the  element  Is  to  be  successfully  Incorporated  Into  the  hydride 
crystal  lattice. 

(C)  Results  obtained  during  the  year  suggest  that  several  fac¬ 
tors  were  Involved.  It  appears  that  the  principal  criterion  Is  the 
solubility  of  the  doping  .Agent  In  the  ether-benzene  solution.  The 
presence  of  large  amounts  of  reducing  hydrides  In  the  system  re¬ 
stricts  the  additives  to  metals  with  a  high  oxidation  potential 
(l.e.‘,  the  alkali  and  alkaline  earths,  certain  group  III -A  and 
IV -A  elements,  and  certain  transition  metals).  It  Is  also  known 
that  strong  bases  such  as  amines  must  be  excluded  because  the  com¬ 
plex  fomed  with  aluminum  hydride  Is  too  stable. 


(C)  Experimental  results  suggest  that  the  ability  to  form 
stable  hydride  complexes  la  very  Important  because  of  solubility 
and  redox  considerations.  Calcium,  magnesium,  and  gallium  have 
given  the  highest  percentages  Incorporated  Into  the  hydride  lattice, 
and  this  may  be  attributed  to  their  ability  to  form  complex  metal 
hydrides.  The  size  of  the  additive  Ion,  atom,  or  molecule  being 
Incorporated  Into  the  hydride  lattice  Is  also  a  critical  factor 
determining  If  the  element  will  be  substltutlonally  or  Inters tltlally 
Incorporated.  If  this  size  factor  Is  not  favorable,  solid  solution 
formation  will  be  severely  limited.  Thus,  large  complex  molecules 
are  generally  not  suitable  doping  agents. 


(C)  The  effect  of  coordination  number  has  not  been  completely 
evaluated,  but  elements  such  as  phosphorus  and  chromium  with  a 
potential  coordination  number  of  six  have  not  been  effective.  How¬ 
ever,  other  considerations  probably  outweigh  the  favorable  co¬ 
ordination  number  of  these  elements.  It  Is  also  Important  that  the 
doping  agent  be  of  a  simple  nature  because  properties  such  as 
volatility,  ease  of  hydrolysis,  and  general  purity  r>f  reagents  may 
affect  the  very  sensitive  hydride  system,  producing  undesirable 
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aluminum  hydride  phases  during  preparation.  Experimental  results 
obtained  during  the  past  year  In  an  attempt  to  Incorporate  various 
elements  Into  t.ie  hydride  lattice  are  described  In  the  following 
sub-sections . 

Sj _ Phosphorus  Pentachlorlde  as  a  Doping  Agent  (u) 

(Cl  Attempts  were  made  to  Incorporate  phosphorus  Into  the 
AlHa-1451  lattice  by  the  addition  of  phosphorus  pentachlorlde  during 
the  preparation  of  an  aluminum  hydride  solution.  A  maximum  concen¬ 
tration  of  0.0658  phosphorus  was  Incorporated  by  this  method.  A 
characteristic  feature  of  this  doping  agent  was  the  formation  of 
appreciable  turbidity  In  the  hydride  solution  approximately  10*C, 
before  normal  precipitation  temperature.  This  Initial  turbidity 
apparently  had  no  detrimental  effect  on  the  final  product,  as  AlHa- 
1451  was  consistently  Isolated  as  the  only  phase  present.  The 
product  was  always  characterized  by  a  phosphine  odor.  Although  an 
Increase  In  thermal  stability  was  observed  at  lOO'C.,  the  corres¬ 
ponding  Increase  at  60*C.  was  Insignificant. 

b.  Lithium  Pallium  Hydride  as  a  Doping  Agent  ( (J ) 

(C)  The  use  of  lithium  gallium  hydride  as  a  doping  agent  for 
the  Incorporation  of  gallium  proved  to  be  very  effective,  A  maxi¬ 
mum  of  0.758  gallium  was  Incorporated  Into  the  A1H3-1451  lattice. 

The  concentration  of  gallium  la  noteworthy  because  few  elements 
have  been  Incorporated  Into  the  hydride  lattice  at  concentrations 
greater  than  0.558.  The  gallium-doped  product  gave  some  Increase 
In  product  stability  at  100*C.  and  5C*C.  The  presence  of  moisture 
In  the  starting  reagent,  gallium  trichloride,  has  prevented  a  com¬ 
plete  evaluation  of  the  stabilizing  effect  of  this  element. 

0.  Oermanlum  Tetrachloride  as  a  Doping  Agent  (U) 

(C)  The  addition  of  germanium  tetrachloride  to  the  aluminum 
hydride  solution  resulted  In  a  maximum  Incorporated  concentration 
of  0.0158  germanium  Into  the  hydride  lattice.  A  7558  Increase  In 
stability  at  100*0.  was  observed,  bat  phase  problems  prevented 
r-^produclblllty .  The  hlg..  volatility  of  the  germanium  tetrachloride 
and  hydride  appears  to  make  It  undesirable  as  a  doping  agent. 

d.  Inoiganic  Oxides  as  Doping  Agents  (U) 

(C)  In  an  effort  to  d  v  AIH3-1451  crystals  with  greater  con¬ 
centrations  of  oxygen,  th  fo' mowing  Inorganic  oxides  were  evaluated 
TIO3,  Per03i  MoOs,  and  WO.  .  a- organic  oxides  are  reported  to  react 
with  ethereal  solutions  ol  .lum  aluminum  hydride  In  an  anhydrous 
atmospher'.  «o  form  soluble  liydroxldes  (10).  It  was  hoped  that 
soluble  oxygen -containing  species  would  result  and  remain  soluble 
darJr<-*  ^  ;..*eparatlon  of  the  hydride.  However,  no  Increase  In 
ox;,<tun  content  or  stability  was  observed. 
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e.  Chromous  and  Chromic  Chloride  aa  Doping  Agents  (U) 

(C)  Attempts  were  made  to  Incorporate  chromium  into  the  AlHs- 
1451  lattice  by  the  addition  of  chromous  and  chromic  chloride  at 
several  different  stages  throughout  the  process. 

(C)  Results  indicate  that  generally  these  agents  are  reduced 
by  the  lithium  aluminum  hydride,  probably  forming  some  chromium 
metal  or  lower  valent  salts.  If  this  la  not  removed  by  the  final 
filtration,  it  will  generally  result  in  the  foiratlon  of  A1H3-3444 
phase.  Emission  spectrographlc  analysis  indicated  that  a  maximum 
concentration  of  0.01^  chromium  had  been  incorporated.  Although 
some  stabilization  was  achieved,  it  was  attributed  to  modifications 
in  crystal  growth  rather  than  the  concentration  of  chromium  found. 

f.  Ferrocene  and  Ferric  Chloride  aa  Doping  Agents  (U) 

(C)  Iron  la  an  Impurity  occasionally  found  in  hydride  samples 
For  that  reason,  an  early  evaluation  was  made  of  the  effect  this 
element  had  on  aluminum  hydride  thermal  stability. 

(C)  The  effectiveness  of  ferrocene  as  a  doping  agent  for  U.J 
incorporation  of  iron  was  evaluated.  Thr  addition  of  ferrocene 
to  the  benzene  solvent  in  concentrations  of  0.05  and  0.1  g./6g.  of 
AlHs  produced  a  alight  discoloration  of  the  solution,  although  the 
final  recovered  product  was  white.  Emission  spectrographlc  analysis 
of  the  samples  indicated  0.00556  iron  in  the  sample.  The  presence 
of  ferrocene  in  the  system  had  very  little  effect  upon  the  hydride 
stability,  aa  the  samples  exhibited  a  normal  degree  of  stability 
at  60*C. 

(C)  The  effectiveness  of  anhydrous  ferric  chloride  was  also 
evaluated  as  a  potential  doping  agent.  Concentrations  of  0.5  and 
1.0  g.  of  PeCl3/6  g.  of  AlHa  were  initially  added  to  the  aluminum 
chloride  starting  reagent  prior  to  the  addition  of  lithium  aluminum 
hydride.  It  was  determined  by  emission  spectrographlc  analysis 
that  0.0456  and  O.O656  iron  had  been  incorporated  into  the  aluminum 
liydrlde  sample.  However,  both  the  hydride  solutions  and  the  final 
product  were  colored  tan.  An  evaluation  of  the  thermal  stability 
of  the  hydride  at  60"C.  showed  no  significant  change. 

g.  Nickel  Bromide  aa  a  Toping  Agent  (U) 

(C)  Prom  a  surveillance,  study  of  trace  metal  Impurities  present 
in  aluminum  hydride-1451  samples,  there  appeared  a  possible  relation¬ 
ship  between  the  nickel  concentration  and  the  rate  of  decomposition 
of  the  hydride.  Three  samples  indicated  that  as  the  nickel  concen¬ 
tration  Increased,  the  thermal  stability  of  the  hydride  decreased . 

(C)  Therefore,  work  was  initiated  using  nickel  bromide  as  a 
doping  agent  in  an  attempt  to • Incorporate  larger  concentrations  of 
nickel  into  the  hydride  lattice  and  to  further  evaluate  and  confirm 
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this  proposed  relationship.  Concentrations  of  0.5  and  1.0  g.  of 
NlBr8/6  g.  of  AlHs  were  again  added  to  the  aluminum  chloride  solu¬ 
tion  prior  to  the  addition  of  lithium  aluminum  hydride.  Emission 
speotrographlc  analysis  Indicated  that  0.02^  and  0.04^  Nl,  respec¬ 
tively,  had  been  incorporated.  As  with  ferric  chloride,  the  doping 
agent  caused  the  hydride  solution  and  product  to  be  quite  brown. 

In  addition,  55^  to  lOjt  A1H3-1444  was  Identified  by  X-ray  analysis 
In  the  sample  containing  the  1.0  g.  of  nickel  bromide.  An  evalua¬ 
tion  of  the  sample  containing  0.02$^  Nl,  however.  Indicated  very 
little  effect  upon  the  thermal  stability  of  the  hydride  sample 
at  60*C. 


h.  Titanium  Tetrachloride  as  a  Doping  Agent  (U) 

(C)  The  use  of  titanium  tetrachloride  as  a  doping  agent  for 
the  Incorporation  of  titanium  proved  to  be  very  detrimental  to  the 
system.  The  titanium  tetrachloride  was  added  to  the  aluminum 
chloride  as  before,  prior  to  the  addition  of  lithium  aluminum 
hydride.  However,  upon  adding  the  lithium  aluminum  hydride,-  the 
solution  turned  very  black,  apparently  as  a  result  of  the  formation 
and  subsequent  decomposition  of  titanium  aluminum  hydride,  which 
Is  known  to  decompose  about  -85''C.  as  follows: 


TICI4  +  4  LIAIH4  T1{A1H4)4  +  4  LlCl 
T1(A1H4)4  T1  +  A1  -f  8  Ha 


(C)  The  succeedlrig  uecouipooltloii  of  aluiiilrium  hydride  In  solu¬ 
tion,  as  evidenced  by  gas  evolution  and  the  Identification  of  alu¬ 
minum  metal  In  the  flask  after  reaction.  Is  apparently  catalyzed 
by  the  presence  of  the  finely  divided  metals.  Therefore,  It  Is 
assumed  that  If  titanium  tetrachloride  were  present  as  an  Impurity 
In  the  starting  reagent,  aluminum  chloride.  It  would  cause  a  very 
severe  decomposition  problem  In  the  crystallizing  system. 


1.  Calcium;  Strontium,  and  Barium  Chlorides  as  Doping  Agents  (U) 

(C)  Attempts  were  made  to  Incorporate  the  group  IIA  elements 
of  the  periodic  table  Into  the  AIK3-1451  lattice  In  an  attempt  to 
obtain  a  correlation  between  atomic,  size  of  the  Impurity  atom  and 
stability.  The  success  achieved  Incorporating  magnesium  Into  the 
hydride  lattice  suggested  that  this  group  of  elements  would  probably 
lend  Itself  to  such  an  evaluation.  However,  work  using  calcium, 
strontium,  and  barium  chlorides  as  doping  agents  for  AIH3-1451  has 
not  been  very  successful.  The  maximum  Incorporated  concentrations 
of  these  doping  agents,  as  determined  by  emission  speotrographlc 
or  atomic  absorption  techniques,  have  been  0.55f  calcium, 
strontium,  and  0.0011^  barium.  The  products  obtained  using  these 
doping  agents  appeared  normal.  An  evaluation  of  the  thermal  sta¬ 
bility  of  the  hydride  at  60"C.,  In  general,  produced  no  significant 
change,  although  a  couple  of  samples  containing  calcium  appeared  to 
exhibit  superior  stability.  As  a  result  of  the  limited  success  In 
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Incorporating  the  group  IIA  elemento,  no  conclusions  could  be  drawn 
about  the  relationship  between  atomic  size  and  stability.  However, 

It  would  appear.  If  other  factors  are  equal,  that  the  larger  the 
group  IIA  cation,  the  less  tendency  towards  solid  solution  formation. 

J .  Trlmethylsllanol  as  a  Doping  Agent  (U)^- 

(C)  Trlmethylsllanol  reacts  with  aluminum  hydride  according  to 
the  following  equation: 

AlHa  +  H0S1(CH3)3  -*•  K2A10Sl(CH3  )3  +  Ha 

It  was  anticipated  that  the  presence  of  small  amounts  of  the  trl- 
methylslloxyalumlnum  hydride  would  Introduce  both  oxygen  and  silicon 
Into  the  crystal  lattice  with  a  resulting  effect  upon  stability. 

(C)  A  total  of  8  runs  was  made,  varying  the  amount  of  trlmethyl¬ 
sllanol  from  10  ml.  to  0.5  ml.  per  run.  The  highest  concentration 
added,  0.5  ml./60  mmoles  of  AlHs,  resulted  In  the  formation  of  55^ 
to  10^  1435.  However,  reducing  this  amount  to  one -half  (0.5  ml./ 

120  mmoles  AlHs)  resulted  In  all  AIH3-1451. 

(C)  Pour  samples  of  AIH3-I451  containing  trlmethylsllanol  as 
an  additive  produced  a  25/^  to  6oj6  Increase  In  stability  compared 
to  normal  hydride. 

5.  New  Stabilization  Agents  for  Aluminum  Hydrlde»l451  (C) 
a.  Ethyl  Centralltc  ( ) 

(C)  It  has  been  found  that  symmetrical  dlethyldlphenylurea, 

Et  0  Et 

N — ,  designated  ethyl  centrallte  (EC),  stabilizes  AIH3-145I 

0  6 

In  a  coTiipletely  new  and  unique  manner  previously  not  observed .  When 
alumln'jm  hydride  was  decomposed  In  the  presence  of  molten  ethyl 
cent. -ante  at  100®C.,  the  characteristic  Induction  period  was 
plmilir  to  other  hydrides,  but  the  accelerated  decomposition  of 
the  lydrlde  essentially  stopped  at  approximately  505^  decomposition, 
as  shown  In  figure  54.  The  percent  decomposition  at  this  level 
remained  constant  for  several  days.  The  residue  was  analyzed  by 
X-ray  diffraction  and  found  to  contain  AIH3-1451  and  aluminum  metal 
In  approximately  the  same  amounts  as  Indicated  by  gas  evolution. 

X-Ray  analysis  also  Indicated  an  expanded  crystal  lattice.  Analysis 
of  the  gas  evolved  showed  O.16  mole  %  benzene  and  0.4l  mole  of  a 
C4-substltuted  benzene  In  addition  to  the  main  constituent,  hydrogen. 
It  was  anticipated.  If  the  decomposition  could  be  completely  stopped 
at  50^»  that  under  the  proper  conditions  this  same  effect  would  be 
applicable  at  low  percentages  of  decomposition. 
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(C)  Pig.  5^  -  Rate  of  Decomposition  of  Aluminum  Hyclride-l45l 
Alone  and  with  Ethyl  Centralite  and  trans-Stilbene  at  100“C. 
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(l)  Wej'^ht  Percent  Ethyl  Centrallte  ( U ) 

(C)  In  all  of  the  early  experimental  work  a  weight  ratio 
of  approximately  5056  with  respect  to  the  0.2  to  0.4  g.  of  aluminum 
hydride  was  used.  An  attempt  was  made  to  determine  the  minimum 
amount  of  EC  necessary  for  stabilization.  The  results  of  varying 
the  EC  concentration  from  15  to  56  weight  are  shown  In  Figure  55. 
At  a  weight  ratio  o*'  1556  EC,  the  rate  of  hydride  decomposition  to 
10056  showed  no  deviation  from  the  standard.  At  33.5  weight  56  EC, 
the  decomposition  proceeded  slower, appearing  to  taper  off  at  3O56, 
but  then  Increased  sharply, proceeding  to  nearly  IOO56.  A  mixture 
containing  4956  EC  exhibited  the  normal  termination  of  decomposition 
at  50^;  however,  after  100  to  120  hours,  a  slight  Increase  was  ob¬ 
served  which  again  stopped  at  8556  where  It  continued  to  remain  until 
termination.  The  sample  containing  5656  EC  stopped  decomposing  at 
“^5056  EUid  essentially  remained  there  until  termination  14  days  later. 
Hence,  It  became  apparent  that  a  definite  threshold  concentration 
of  EC  was  necessary  to  achieve  this  degree  of  stabilization. 


(2)  Temperature  (U) 

(C)  An  attempt  was  made  to  determine  the  maximum  tempera¬ 
ture  at  which  this  stabilizing  effect  by  EC  was  still  operative. 
Temperatures  of  100®,  120®.  and  130®C.  were  evaluated.  The  results 
obtained  at  100®  and  120®C.  compared  to  the  decomposition  rate  of 
the  standard  are  depicted  In  Figure  56.  The  data  Illustrated  that 
the  EC  was  still  effective  at  120®C.  At  130®C.  the  hydride  did 
slowly  reach  8756  decomposition, ^although  It  took  an  additional  I8 
days  after  initially  reaching  46*6  in  6  hours.  It  was,  therefore, 
concluded  that  this  stabilizing  effect  was  still  operative  at  these 
high  temperatures. 


(3)  Role  of  Ethyl  Centrallte  ( U ) 


(C)  Realizing  the  unique  stabilizing  effect  of,  HC  on.AlHa- 
1451,  an  effort  was  made  to  determine  the  chemical  or  furict'.orial 
group(s)  of  the  molecule  responsible  for  the  observed  stabi on . 
It  was  found  that  the  presence  of  urea,  HbN-C-NH*,  during  decomposl- 

0 

tlon  of  the  hydride  nroduced  a  slight  Increase  In  the  rate’  of  decom¬ 


position.  Tetramethylurea, 


CH3 


0  CH3 
"  / 
N-C-N 

Ch/  ^CH3 


showed  no  stabilization 


of  the  hydride  similar  to  that  observed  for  EC.  These  results  sug¬ 
gest  that  the  phenyl  groups  are  responsible  In  some  manner  for  the 
observed  stabilization  phenomenon. 


(C)  It  Is  Interesting  to  ndte  two  facts  associated  with  ethyl 
centrallte  stabilization  of  another  material,  nitrocellulose:  (a) 
It  expands  the  lattice  of  nitrocellulose  (11),  'and  (b)  this'"'’ 
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(C)  Pig.  56  -  Effect  of  Ethyl  Centrallte  on  the  Decomposition  Rate  of 
Aluminum  Hydride  at  100*C.  and  120" C. 


CONFIDENTIAL 


stabilization  of  nitrocellulose  is  usually  attributed  to  free 
radical  scavenging;  however,  more  potont  rad.  cal  scavengers  are 
inferior  stabilizers.  Hence,  it  appears  that  such  stabilization 
may  be  more  closely  related  to  electron  absorbing  or  releasing 
capability  (n  acidity)  than  it  la  to  formal  reaction  with  free 
radicals . 


b.  Other  Stabilizers  (U) 

(C)  Prom  the  aforementioned  work,  a  program  was  initiated  to 
screen  compounds  with  structural  parameters  similar  to  those  of 
ethyl  centrallte.  The  results  obtained  from  tetramethylurea 
indicated  that  electron  absorbing  or  releasing  tendencies  as  ex¬ 
hibited  by  the  phenyl  group  are  required.  Hence,  various  compounds 
containing  one  or  more  phenyl  groups,  as  listed  in  Table  XIX, were 
examined  and  ranked  according  to  their  relative  effectiveness. 


(C)  One  of  the  first  potential  stabilization  agents  examined 


in  this  group  was  trans-stllbene 


As  Illustrated 


in  Figure  54,  this  material  was  observed  to  behave  in  much  the  same 
manner  as  ethyl  centrallte.  The  decomposition,  in  this  case, 
stopped  between  505^  and  355^  rather  than  505^  as  observed  for  ethyl 
centrallte.  One  other  notable  difference  between  ethyl  centrallte 
and  trans-stllbene  stabilization  is  tt.at  a  gross  quantity  of  ethyl 
centrallte  is  required  i^O/yj  mixture),  while  in  the  case  of  trans- 
stllbene  a  gross  quantity  la  mixed  initially,  but,  on  heating,  the 
trans-stllbene  sublimes  away,  leaving  less  than  3^  present. 

(C)  Substituted  derivatives  of  trans-stllbene,  dlnltrostllbene 
and  dlamlnostllbene  were  examined  to  determine  the  effect  of  elec¬ 
tron  withdrawing  and  electron  donating  groups  on  the  compounds ' 
ability  to  function  as  a  stabilizer  for  aluminum  hydride.  Typical 
results  are  shown  in  Figure  57.  Both  of  the  substituted  derivatives 
appeared  to  be  leas  effective  than  trans-stllbene,  terminating  rapid 
decomposition  at  approximately  and  75$^  for  the  dlnltro- ,  and 
dlaminostllhenes ,  respeotl vely,  compared  to  305?  for  trans-stllbene 
alone. 

(C)  If  it  were  assumed  that  reactivity  and  electron  accepting 
ability  were  two  major  factors  playing  a  role  during  stabilization 
of  the  hydride,  then  the  following  comments  could  be  made.  The 
amine  substitution  on  the  phenyl  group  would  tend  to  increase  the 
electron  density  of  the  double  bond,  but  decrease  the  phenyl  groups' 
electron  accepting  ability,  whereas  the  opposite  is  true  for  the 
nltro  substitution,  as  the  electron  density  of  the  double  bond  is 
decreased  while  tne  phenyl  groups  electron  accepting  ability 
increases.  The  data  indicate  that  these  electronic  effects  are 
not  the  principal  factor  in  hydride  stabilization  by  this  t3rpe  of 
molecule.  Therefore,  an  additional  parameter  would  appear  to  be 
necessary. 
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(C)  Pig.  57  -  Effect  of  Various  Compounds  Containing  Phenyl  Croups 
on  the  Decomposition  Pate  of  Aluminum  Hydride-1451 
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(C)  Evaluation  of  cla-  and  trans-stllbene,  melting  points  l“C. 
and  124*C.,  r  vectlvely,  demonstrated  Identical  stabilizing  effects. 
This  Indicate-,  either  the  trans-stllbene  had  sufficient  vapor  pres¬ 
sure  to  make  1‘.  effective  or  volatility  was  not  an  Important  param¬ 
eters. 

(C)  It  la  also  challenging  to  try  to  rationalize  the  reason 
tetraphenylethylene,  fiaC-Cfia,  shows  no  stabilizing  effect  on  the 
rate  of  decomposition,  while  symmetrical  dlphenylethylene,  pC=Cp. 

t  I 

H  H 

Is  relatively  effective.  It  la  known  that  the  two  materials  differ 
markedly  In  their  ability  to  undergo  hydroboratlon  reactions, 

BHa  —  C^).  The  jSC-Cff  undergoes  hydroboratlon 

BHa  H  H  H 

rapidly  while  ^aC-C^a  not.  This  does  suggest  that  reactivity 

may  be  a  very  Important.  ..  arameter,  although  the  difference  could  be 
accounted  for  In  many  different  ways.  Sterlc  hindrance  factors  do 
not  appear  to  be  of  major  Importance,  since  paN-N^a  la  fairly  effective 
while  ^aC-C0a  exhibits  no  effect. 

(C)  It  Is  clearly  apparent  from  the  above  discussion  that  th« 
parameters  necessary  for  it  compound  to  be  an  effective  stabilizer 
for  AIH3-I451  are  not  well  understood.  It  la,  however,  shown  from 
this  screening  program  that  the  presence  of  phenyl  groups  alone  Is 
not  sufficient  to  make  an  effective  stabilizer  for  aluminum  hydride. 

(C)  A  very  effective  stabilizer  for  A1H3-1451  has,  however, 
been  discovered  as  a  result  of  this  ccreenlng  program.  The  stabilizer, 
dlphenylacetylene  (DPA),  has  demonstrated  a  very  remarkable  stabili¬ 
zation  of  the  hydride,  as  shown  In  Plgu^’es  58  and  59.  Surface,  treat¬ 
ment  with  this  material  has  been  found  to  greatly  extend  the  length 
of  the  Induction  period  prior  to  accelerated  decomposition  of  the 
hydride.  For  unknown  reasons  this  material  Is  more  effective  than 
any  of  the  other  compounds  studied. 

(C)  The  decomposition  curves  at  60®C.  and  100"C .,  shovm  In 
Figures  58  and  59»  respectively,  were  obtained  by  using  a  gross 
amount  of  DPA  (50/50  mixture).  This  material,  however,  at  100"C. 
again  sublimes  away  from  the  hydride  sample,  similar  to  tne  trans- 
stllbene.  At  JOO^C.  the  Induction  period  was  extended  from  5  to 
500  hours  before  accelerating  Its  decomposition.  The  rate  of  decom¬ 
position  of  a  magnesium -doped  hydride  samplo  at  6o“C.  with  DPA  has 
exhibited  only  0.6^  decomposition  In  50  days,  compared  with  20  days 
for  the  magnesium-doped  hydride  alone. 

(C)  Preliminary  results  give  definite  evidence  thiat  concentra¬ 
tions  as  low  as  lfl>  DPA  are  effective  for  stabilizing  the  hydride  at 
6o“C.  Another  very  Important  observation  made  from  these  studies 
Indicates  that  the  Improvements  In  stability  by  using  magnesium  and 
DPA  are  additive.  Results  Indicate  the  DPA  la  a  more  effective  sta¬ 
bilizer  for  magnesium -doped  material  than  for  normal  hydride. 
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6.  Effect  of  Electrical  Properties  on  the  Decompoaltlon  of  Aluminum 

Hydrlde-145l  (c3 

(C)  To  further  elucidate  the  importance  of  surface  electrical 
properties,  two  experiments  were  performed.  Aluminum  hydride-1451 
was  suspended  In  a  lampblack  matrix  (a  conductor)  and  decomposed 
at  100*C .  The  length  of  the  induction  period  as  shown  In  Figure  60 
was  greatly  reduced  under  these  conditions,  auid  the  material  decom¬ 
posed  much  faster  than  the  standard. 

(C)  In  a  second  experiment,  a  sample  of  AIH3-1451  was  placed 
In  a  sample  tube  with  two  platinum  electrodes,  1  cm.  by  1  cm.  and 
8  mm.  apart.  A  45  volt  D.C.  potential  was  Impressed  across  the 
electrodes  when  the  tube  was  placed  In  a  100"C.  temperature  bath. 

The  Induction  period  for  the  onset  -of  decomposition  was  greatly 
reduced  'and  the  acceleration  period  was  reached  In  approximately 
one  hour.  •  The  AIH3-1451  again  decomposed  much  laster’-than  the 
standard  as  shown  In  Figure  60.  During  decomposition,  the  aluminum 
metal  agglomerated  Into  a  solid  mass. 

C.  MISCBTLANEOUS  STUDIES  OF  AUJMINUM  HYDRIDE-1451  (C) 

L..  Effect  of  Oxygen  and  Water  on  the  Preparation  and  Stability  of 

Aluminum  Hydride-1451 

(C)  It  has  been  known  for  some  time  that  AIH3-145I  samples  con¬ 
tained  oxygen  varying  in  amounts  from  0.2^6  to  1.55f.  Since  this 
represented  the  largest  Impurity  In  aluminum  hydride,  a  systematic 
study  of  Its  effect  on  AIH3-I451  was  Investigated.  This  study  was 
made  possible  by  the  development  of  analytical  methods  to  monitor 
both  oxygen  and  water  In  the  dry  boxee,  and  of  raeauis  to  maintain 
them  at  very  low  levels. 

a.  Description  of  Equipment  and  Methods  Used  to' Remove,  Analyze, 

and  Monitor  tne  Water  and  Oxygen  Content  [if) 

(U)  It  was  thought  that  the  hydride  was  being  contaminated 
with  oxygen  during  Its  preparation  under  partially  hydrolytic  or 
oxidative  conditions.  Hence,  the  following  methods  and  equipment 
were  designed  and  useu  to  control  both  water  and  oxygen  concentra¬ 
tions  In  the  dry  box  atmospheres  and  purge  nitrogen. 

(U)  The  analysis  problem  was  solved  by  Investigating  methods 
presently  In  use,  experimenting  with  new  ones,  and  developing  an 
Integrated  system  so  that  the  atmosphere  of  each  dry  box  could  be 
conveniently  analyze J  by  Instruments  placed  In  a  central  location. 

(U).  Previous,  Dow  experience  had  demonstrated  that  the.  Analytics 
Systems  Company  Model  60?W  oxygen  analyzer  was  both  accurate -aha 
reliable  'for  the  determination  of  oxygen  In  nitrogen  atmospheres. 

A  further  check  In  our  laboratories  confirmed  these  findings  and  a 
unit  was  purchased  from  Analytics  Systems  Company. 
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(C)  Fig.  6o  -  Rate  of  Decomposition  of  Aluminum  Hydrlde-l45l 
Alone  and  with  Lampblack  and  Electric  Potential  at  100“C. 
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(U)  irfater  analyzers  using  electrolysis  have  previously  been 
used  to  monitor  water  In  dry  box  atmospheres,  but  when  benzene  and 
ether  vapors  are  present,  as  In  our  dry  boxes,  the  PzOs  coating 
on  the  cell  becomes  contaminated  and  the  Instrument  no  longer  gives 
accurate  results.  During  the  early  part  of  196^,  Gilbert  and  Barker 
Manufacturing  Company  began  marketing  a  quartz  crystal  water  analyzer 
which  covered  a  lange  of  1  to  2,500  ppm.  and  appeared  to  be  free 
from  the  disadvantages  of  the  electrolytic  type.  The  Instrument, 
the  Gllbarco  Sorption  Hygrometer,  model  SHL-100,  was  purchased. 

(U)  The  oxygen  and  water  analyzers  Illustrated  In  Figure  6l 
can  simultaneously  monitor  both  oxygen  and  water  In  either  the 
Incoming  line  nitrogen  or  any  selected  dry  box  by  use  of  a  manifold 
In  a  few  minutes. 

(U)  Subsequent  to  developing  methods  of  analyzing  and  monitor¬ 
ing  the  oxygen  and  water  concentrations,  a  study  was  Initiated  to 
find  the  moat  satisfactory  and  efficient  method  of  removing  these 
two  contaminants  from  the  dry  boxes. 

(U)  Molecular  sieves  and  Dow  "Q"  Catalyst  were  found  to  be 
moat  effective  for  the  removal  of  water  and  oxygen,  respectively. 

This  combination  can  maintain  an  atmosphere  containing  leas  than 
1  ppm.  oxygen  and  water  If  desired.  Generally,  our  dry  box 
atmospheres  contain  leas  than  20  ppm.  of  water  and  5  Ppm*  of  oxygen 
during  normal  operation.  All  the  nitrogen  used  by  the  laboratory 
for  dry  box  work  la  purified  by  the  above  methods  and  consistently 
contains  leas  than  0.5  ppm.  oxygen  and  water. 

(u)  Using  Information  furnished  by  Gllbarco  Company,  the 
Gllbarco  Sorption  Hygrometer  was  modified  to  analyze  water  In  the 
low  ppm.  range  In  solvents  such  as  benzene  and  ether.  The  sensi¬ 
tive  quartz  crystal  Is  used,  in  effect,  as  a  GLC  detector  to  measure 
the  height  of  the  water  peak.  Calibration  curves  were  made  for 
both  ether  and  benzene  with  known  amounts  of  water  and  showed  a 
straight  line  relationship  between  the  peak  height  and  water  In  ppm. 
This  arrangement  la  very  useful  for  determining  when  significant 
amounts  of  water  are  present;  however.  It  Is  not  sufficiently 
accurate  below  10  ppm.,  due  mainly  to  the  sensitivity  of  the  oscil¬ 
lators  to  alight  changes  In  temperature . 

b.  Preparation  of  Aluminum  Hydride-1451  In  the  Presence  of  Water 

and  Oxyf^  ("51  ^ 

(C)  The  oxygen  In  samples  of  A1H3-1^51  Is  believed  to  be 
present  In  the  crystal  lattice  as  well  as  on  the  aiurface.  Our 
ability  to  use  doping  agents  which  Increase  the  oxygen  concentra¬ 
tion,  and  the  large  amount  of  surface  oxidation  required  to  generate 
material  with  a  high  oxygen  content,  suggest  this  la  the  case.  In 
addition,  hydride  samples  carefully  prepared  under  conditions  of 
leas  than  1  ppm.  of  oxygen  ana  water  contain  0.2^  to  0.^  oxygen, 
of  which  very  little  could  have  been  the  result  of  surface  con¬ 
tamination. 
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(U)  Pig.  6l  -  Photograph  of  Oxygen  and  Water  Analyzers 
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(C)  A  dry  box  was  contaminated  with  molecular  oxygen  to  deter¬ 
mine  Its  effect  upon  the  preparation  and  stability  of  aluminum  hy¬ 
dride.  The  dry  box  atmosphere  was  held  constant  at  approximately 
10,000  ppm.  oxygen  during  a  large  series  of  runs.  In  15  Prepara¬ 
tions  under  this  environment,  the  oxygen  concentration  averaged 
0.32^  with  0.256  and  0.4^6  representing  the  maximum  deviation.  During 
this  series  of  preparations,  four  reference  samples  had  an  average 
stability  of  4.8  days  before  reaching  I56  decomposition  at  60“C.  Two 
reference  samples  made  prior  to  contaminating  the  box  with  10,000 
ppm.  of  oxygen  averaged  O.I756  oxygen  and  required  only  3  days  before 
reaching  I56  decomposition.  These  data  suggest  that  oxygen  content 
affects  stability,  although  the  changes  described  are  only  changes 
In  degree . 

(C)  It  was  later  discovered  that  magnesium -doped  materials 
prepared  under  water-  and  oxygen-free  conditions  were  not  as  stable 
as  originally  observed.  The  relationship  between  magnesium  concen¬ 
tration  and  stability  as  originally  found  la  shown  In  Figure  62  along 
with  the  same  relationship  obtained  under  water-  and  oxygen-free 
conditions.  The  data  Indicate  that  the  stability  of  the  hydride 
prepared  under  oxygen-  and  water-free  conditions  again  Increases 
as  magnesium  concentration  Increases,  but  the  slope  and  magnitude 
of  Improvement  are  not  as  great  as  originally  observed.  However, 
upon  storage,  these  samples  have  become  extremely  stable  with  age. 

The  resulting  oxygen  content  of  these  samples  was  approximately 
0.3^. 


(C)  In  an  attempt  to  determine  the  cause  of  change  in  this 
relationship,  several  preparations  were  made  under  an  anhydrous 
(25  PP“».  HaO)  nltr-ogeu  atmosphere  containing  10,000  ppm.  oxygen. 

The  stabilities  of  9  samples  made  under  these  conditions  were 
nearly  Identical  to  those  obtained  under  water-  and  oxygen-free 
conditions,  suggesting  that  water  was  probably  responsible  for  the 
change  In  relationship  depicted  in  Figure  54.  The  average  oxygen 
concentration  In  the  samples  was  0.59%  with  0.4356  and  1.07%  repre¬ 
senting  the  maximum  deviation.  The  Increased  oxygen  concentration 
appeared  to  have  little  effect  upon  the  stability.  It  was  also 
observed  that  It  was  more  difficult  to  convert  AIH3-143?  to  AIH3- 
1451  when  prepared  under  an  atmosphere  containing  oxygen. 

(C)  Additional  experiments  were  then  carried  ?!ut  under  con¬ 
trolled  moisture  conditions  to  further  substantiate  the  effect  of 
V£.ter.  Several  preparations  were  made  In  an  Inert  atmosphere  con¬ 
taining  2,500  ppm.  Water  and  1,500  ppm.  oxygen.  The  oxygen  concen¬ 
tration  was  higher  than  desired  because  the  oxygen  scavenger  also 
removed  appreciable  amo'unts  of  water  making  It  Impossible  to  main¬ 
tain  both  a  high  water  and  low  oxygen  concentration.  Preparation’ 
and  hydride  recovery  under  these  conditions  approximately  duplicated 
the  original  relationship  obtained  between  magnesium  concentration 
and  stability,  as  shown  In  Figure  62.  The  oxygen  concentration  in 
the  final  product  under  these  conditions  averaged  0. 6256, with  0.5% 
and  0.7556  representing  the  maxlm'jm  deviation. 
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(C)  To  further  elucidate  the  role  played  by  water,  a  aeries 
of  preparations  was  made  under  the  same  conditions, except  the 
product  was  recovered  under  anhydrous  conditions.  The  data  are 
shown  In  Figure  62  with  a  dotted  line  drawn  through  the  resulting 
points.  This  relationship  was  found  to  be  Intermediate  between 
that  obtained  under  completely  anhydrous  conditions.  The  oxygen 
concentrations  from  these  experiments  averaged  O.5656,  with  0.255^ 
and  0.47^  representing  the  maximum  deviation.  There  appeared  to 
be  a  slight  tendency  towarxis  Increased  oxygen  concentration  as  the 
magnesium  concentration  Increased  ,  The  data  suggest  that.  In  addi¬ 
tion  to  magnesium,  water  la  playing  the  major  role  In  determining 
this  rel?tlonahlp .  The  results  indicate  that  water  must  have  been 
originally  present  during  preparation  and  recovery.  The  change  In 
relationship  obtained  when  the  product  was  recovered  under  anhydrous 
conditions  Illustrates  that  surface  treatment  of  the  hydride  with 
moisture  la  affecting  the  results.  Independent  surface  treatment 
of  magnesium -doped  materials  as  well  as  normal  hydride  with  water, 
as  described  In  Section  C.2.a.,  has  indicated  that  It  can  signifi¬ 
cantly  Improve  the  stability  of  the  hydride.  A  significant  amount 
of  the  Increased  oxygen  concentration  appears  to  be  a  result  of 
this  surface  treatment. 

c.  Reaction  of  Oxygen  with  Lithium  Aluminum  Hydride,  Lithium  Boro- 

hydride,  and  Aluminum  Hydride  (C^ 

(C)  Since  the  removal  of  both  oxygen  and  water  from  the  alu¬ 
minum  hydride  systems  reduced  the  resulting  oxygen  concentration 
from  approximately  0.7^  to  O.yji,  as  determined  by  neutron  activa¬ 
tion  analysis,  it  was  decided  that  the  reaction  of  each  of  the 
components  with  oxygen  should  be  examined. 

(1)  Lithium  Aluminum  Hydride  (u) 

(C)  Hlguchl  (12)  reported  a  reaction  of  oxygen  with 
lithium  aluminum  hydride  which  reduced  the  amount  of  active  hydride 
In  solution.  When  oxygen  was  passed  through  an  ether  -  benzene 
solution  containing  7-5  mmoles  of  lithium  aluminum  hydride,  a  pre¬ 
cipitate  was  formed.  Analysis  of  the  filtered  solution  showed  a 
decrease  In  both  lithium  and  aluminum  content  as  oxygen  was  added, 
and  after  25C0  cc.  was  babbled  through  the  solution  practically 
all  the  lithium  aluminum  hydride  was  removed.  Evaporation  of  the 
above  solution  to  dryness  left  no  solid  residue.  Indicating  that 
molecular  oxygen  does  not  fom  a  soluble  compound  with  lithium 
aluminum  hydride  In  the  binary  mixture.  The  solid  which  precipi¬ 
tated  from  the  above  reaction  was  found  to  be  amorphous  by  X-ray 
diffraction  analysis. 

(2)  Lithium  Borohydrlde  (U) 

(U)  No  precipitate  was  formed  when  oxygen  was  bubbled 
through  a  binary  solvent  containing  lithium  borohydrlde,  in  con¬ 
trast  to  the  experiment  performed  with  lithium  aluminum  hydride. 
After  the  solvent  was  stripped  away,  a  solid  residue  was  obtained 
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and  found  by  X-ray  analysis  to  be  an  unknovm  pattern,  designated 
UP -1476.  Hence,  It  appears  that  a  soluble  oxygen -containing  ape-, 
cles  la  formed  when  oxygen  reacts  with  lithium- borohydrlde .  ' 


(3)  Aluminum  Hydride  (C) 


(C)  To  Investigate  the  effect  of  oxygen  on  aluminum 
hydride -ether  solutions  ,--9xygen  was  also  bubbled  through  a  solution 
of  the  hydride  In  an  ether-benzene  solvent.  With  a  limited  amount 
of  oxygen,  a  white  precipitate  formed,  which  was  very  reactive  with 
water,  amorphous,  and  showed  an  AlH  absorption  •peak  at  5.2  u  in  the 
Infrared  spectrum,  as  shown  In  Figure  63.  After  drying  under  vacuum 
at  75“C.,  the  elemental  analysis  was  49.1*^  aluminum,  13. 95^  carbon, 
4.8956  hydrogen  and  32.1^6  oxygen  (by  difference).  Assuming  that  the 
carbon  la  due  to  diethyl  ether  and  correcting  the  hydrogen  and 
oxyge'n  content  for  ether,  the  ratio  of  the  non-etherated  molecule 
la  1  aluminum:!. 09  hydrogen:©. 95  oxygen.  Therefore,  within  exp.erl- 


mental  error,  a  structure  of  -f-Al-O-j- 


H 


X 


molecules  coordinated  to  the  aluminum. 


la  suggested  with  the  ether 


(C)  The  compound  la  Insoluble  In  diethyl  ether,  benzene, 
and  tetrahydrof uran .  In  preliminary  experiments  with  hydrogen 
fluoride.  It  reacted  violently  to  produce  aluminum  fluoride.  When 
the  reaction  was  moderated  by  Preon-11  and  a  limited  amount  of  HP 
used,  a  compound  possessing  a  novel  X-ray  pattern  resulted. 


2.  Surface  Treatment  Studies  of  Aluminum  Hydride  (C) 

a.  Effect  of  Surface  Hydrolysis  on  Aluminum  Hydride -1451  (C) 

(C)  Aluminum  hydride  will  react  with  water  and  generate  hydro¬ 
gen,  as  given  by  the  following  equation: 


AlHa  +  3  HaO  Al(0H)3  +  3  Ha 


The  rate  of  hydrolysis  Is  affected  by  pH,  particle  size,  etc.  Re¬ 
cently  the  rates  of  hydrolysis  of  various  lots  of  Dow  Pilot  Plant 
material  were  examined.  The  rates  of  hydrolysis  of  0.25  g.  samples 
In  25  ml.  of  water  are  Illustrated  In  Figure  64,  A  large  difference 
In  rate  of  hydrolysis  under  these  conditions  was  observed  ranging 
from  1.3  hours  to  7.6  hours  before  reaching  10%  hydrolysis  based  on 
the  above  equation.  The  corresponding . oxygen  content  of  the  saunples 
obtained  from  neutron  activation  analysis  Is  given  In  Table  XX. 

These  samples  differed  very  little  In  the  oxygen  content,  suggesting 
that  variations  In  surface  oxidation  were  not  responsible  for  these 
large  differences  In  hydrolysis  rate.  However,  It  should  be  pointed 
out  that  neutron  activation  analysis  does 'not  differentiate  between 
surface  oxygen,  oxygen  Incorporated  Into  the  lattice,  or  oxygen 
present  In  Impurities.  It  Is  still  possible  that  differences  In 
surface  oxidation  existed. 
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(C)  Pig.  64  -  Hydrolysis  Rate  of  Various  Samples 
of  Aluminum  Hydride-1451 
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Table  XX 


(U) 


Oxyggn  Analysis  of  Dow  Pilot  Plant  Camples 


Sample  Number 


Percent  Oxygen^ 


06054 

06014A 

06114 

06024A 


0.27  ±  0.019 

0.22  ±  0.053 
0.18  ±  0,032 
0.23  ±  0.018 


®By  neutron  activation  analysis. 


(C)  It  Is  also  known  from  electron  diffraction  work  done  early 
In  1962  (9)  that  an  aluminum  hydride  surface  will  become  oxidized, 
forming  an  amorphous  surface  layer  much  like  that  formed  by  aluminum 
metal.  More  recently,  work  done  by  Allegany  Ballistics  Laboratory 
has  very  clearly  documented  that  the  aurfa''e  of  current  aluminum 
hydride  la  not  virgin.  Various  surface  treatments  used  by  the 
Industry  In  passivating  the  hydride  to  Improve  compatibility,  such 
as  air  exposure,  wet  VCN,  etc.,  and  our  own  recent  efforts  In 
evaluating  the  effect  of  oxygen  and  water  on  the  preparation  and 
stability  of  aluminum  hydride  have  generated  a  new  Interest  In  sur¬ 
face  oxidized  hydride. 


(C)  The  concept  of  Improving  stability  through  surface  treat¬ 
ment  has  proven  to  be  a  valid  a 'p roach  toward  Improving  stability. 
However,  many  different  techniques  and  materials  have  been  tried 
by  our  grou;  md  others  In  the  Industry  with  only  a  few  surviving 
due  to  Inconsistency  of  results.  Currently,  It  does  appear  that 
an  oxidized  surface  may  be  one  of  the  best  surface  coatings  avail¬ 
able  for  the  hydride.  This  surface  condition  has,  to  a  degree, 
been  characteristic  of  aluminum  hydride  and  has  probably  affected 
the  consistency  of  results  by  other  surface  treatments  In  the  past 

(C)  In  an  attempt  to  determine  the  amount  of  surface  oxldatl 
necessary  to  effectively  Improve  stability,  a  hydride  sample  was 
partially  hydrolyzed  as  previously  described.  Pli^  are  65  Illustrates 
the  stabilities  obtained  on  the  varloae  hydrolyzed  portions  of  the 
original  sample  after  being  dried  at  40*C.  under  vacuum  for  approxi¬ 
mately  16  hours.  The  elemental  analyses  as  a  function  of  the  degree 
of  hydrolysis  are  given  In  Table  XXI.  It  Is  Interesting  tc  observe 
that  little  Improvement  was  gained  by  surface  hydrolysis  in  excess 
of  0.156.  Electron  diffraction  studies  of  the  surface  at  this  level 
of  oxidation,  as  well  as  the  samples  possessing  correspondingly 
larger  amounts  of  oxygen,  iihowed  it  to  be  completely  amorphous.  A 
clear  diffraction  pattern  of  aluminum  hydride-1451  was  obtained 
from  the  refei-cnce  sample.  Table  XXI  shows  that  the  elemental 
analysis  changes  slightly,  but  definitely,  for  small  degrees  of 
surface  hydrolysis. 
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Fig.  65  -  Effect  of  Various  Degrees  of  Surface 
Oxidation  on  the  Stability  of 
Aluminum  Hydride- 1451 
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Table  XXI 


(C)  Elemental  Analysis  of  Aluminum  Hydride-1451 


as  a  Function  of  Degree  of  Surface  Hydrolysis 

Hydrolysis 

% 

%  0^ 

%  C 

%  H 

%  Al^ 

Electron  Diffraction 
Studies  of  Surface 

0 

0.2 

0.2 

10.1 

89.7 

Crystalline 

0.12 

0.4 

<0.1 

9.9 

89.0 

Amorphous 

0.3': 

0.7 

<0.1 

9.9 

89.0 

Amorphous 

0.5 

0.9 

<0.1 

9.9 

89.0 

Amorphous 

1.3 

1.7 

0.1 

9.8 

88.1 

Amorphous 

^By  neutron  activation  analysis. 
^±  0.25^.  ' 


(C)  The  effect  of  a  different  aluminum  hydride  reference,  lot 
02025A  surface  hydrolysed  0.07%#  upon  stability  Is  shown  In  Figure 
66.  Both  samples  produced  nearly  a  100%  impirovement  In  thermal 
stability  when  compared  before  and  after  treatment.  This,  of  course, 
does  not  evaluate  any  beneficial  effects  of  such  a  treatment  which 
might  occur  over  long  periods  of  time  as  previously  discussed  in 
Section  B.3. 

(U)  The  consistency  of  results  In  Improving  stability  from 
partial  surface  hydrolysis  Is  very ‘encouraging.  This  material, has 
also  been  formulated  and  found  to  be  completely  compatible  ■with  the 
Ingredients,  yielding  theoretical  densities.  Experience  with 
moisture  treatments  in  formulation  work  by'  the  Industry  has  actually 
Indicated  an  Improvement  In  compatibility. 

(C)  A  magnesium -doped  hydride  composite  sample  was  surface- 
oxidized  to  further  check  results  obtained  under  anhydrous  condi¬ 
tions  and  also  to  determine  If  material  possessing  very  good  thermal 
stability  could  bj  Improved.  Experience  with  surface  treatment  such 
as  VCN  In  the  past  has  Indicated  that  large  Improvements  In  stability 
could  be  obtained  fi'om  poor  samples,  but  very  little  benefit  was 
obtained  from  a  sample  already  possessing  good  stability.  A  com¬ 
parison  of  the  stabilities  obtained  ..before  and  after  treatment  Is 
Illustrated  In  Figure  6?.  The  magnesium -doped  sample  hydrolyzed 
1.8%  Improved  In  stability  from  20  to  ?0  days  before  reaching  1% 
decomposition  at  60"C .  Hence,  surface  treatment  and  magnesium- 
doped  hydride  with  moisture  Is  certainly  bapabld'  of  affecting 
Its  rate  of  decomposition  and  complements  the  studies  discussed 
In  Section  C  .l.b. 
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(C)  Fig.  66  -  Effect  of  Surface  Oxidation  on  the  Stability  of 
Alumlmun  Hydride-1451,  Sample  02025A 
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b.  Effect  of  Hydrogen  Fluoride .Fluorine .  Hydrogen  Cyanide,  and 
'  Carbon  Monoxide  on  Aluminum  Hydride -1451  (C) 

(C)  Attempts  were  made  to  stabilize  coramerlcal  samples  of 
AIH3-145I  by  surface  treatment  with  hydrogen  fluoride,  hydrogen 
cyanide,  fluorine,  and  carbon  monoxide.  Liquid-solid  and  solid-gas 
phase  Interactions  were  used  with  hydrogen  fluoride,  hydrogen 
cyanide,  and  carbon  monoxide.  Anhydrous  hydrogen  fluoride  was 
condensed  upon  AIH3-I451,  and  the  liquid  rtate  maintained  by  using 
an  Ice  bath.  Ether  and  benzene  suspensions  of  AIH3-1451  were  used 
with  hydrogen  cyanide  and  carbon  monoxide,  respectively.  Only  a 
solid-gas  phase  Interaction  was  attempted  using  fluorine. 

(C)  Surface  treatment  with  hydrogen  fluoride  gave  no  evidence 
for  fluorlnated  aluminum  compounds.  No  significant  Improvement  In 
stability,  however,  was  observed  at  100“C.,  and  metallographlc 
studies  suggested  that  surface  cleaning  took  place  rather  than  sur¬ 
face  coating,  as  Increased  surface  decomposition  was  noted. 

(C)  Surface  treatment  with  fluorine  gas  was  also  attempted  by 
allowing  the  sample  to  stand  In  the  presence  of  the  gas  for  approxi¬ 
mately  35  minutes  at  ambient  temperature.  Again,  as  In  the  case  of 
hydrogen  fluoride,  no  fluorlnated  aluminum  compounds  were  Isolated. 
The  sample,  however,  exhibited  an  Increased  rate  of  decomposition 
at  100®C.  and  a  metallographlc  study  of  the  sample  again  Indicated 
an  Increase  In  surface  decomposition. 

(C)  Surface  treatment  with  hydrogen  cyanide  resulted  In  an 
acceleration  of  decomposition  at  100*C.  Mass  spectrometrlc  analysis 
of  the  gaseous  product  from  thermal  decomposition  failed  to  detect 
hydrogen  cyanide,  although  a  yield  of  hydrogen  greater  than  100^ 
was  observed.  Heating  the  solid  AIH3-1451  during  the  run  apparently 
Increased  the  amount  of  surface  Interaction  because  the  volume  of 
evolved  gas  and  the  rate  of  decomposition  Increased. 

(U)  Treatment  of  a  sample  wltn  carbon  monoxide  gave  no  appre¬ 
ciable  change  In  decomposition  rate  at  100“C.  No  carbonyl  bands 
could  be  detected  by  Infrared  analysis  and  no  noticeable  change 
resulted  from  temperature  variations  between  ambient  and 

3.  Surface  Studies  of  Aluminum  Hydride- 1451  ( c) 

(C)  It  has  been  demonstrated  that  the  surface  of  AIH3-1451  la 
hydrophilic.  Results  of  a  survey  of  the  surfaces  of  samples  cur¬ 
rently  under  long-term  surveillance  by  electron  diffraction  examina¬ 
tion  Irdlcate  that  the  hydride  surfaces  have  reacted  with  atmos¬ 
pheric  moisture.  The  data  are  summarized  In  Table  XXII.  It  was 
noted  during  examination  of  sample  02134A  with  a  very  low  electron 
beam  Intensity  that  a  pattern  different  than  Y-A1203  was  observed. 
Upon  Increasing  the  electron  beam  Intensity,  the  pattern  faded  and 
Y-AI2O3  appeared.  The  d  values  of  the  unknown  pattern  corresponded 
very  closely  to  those  of  the  bayerlte,  a-Al(0H)3.  Bayerlte  starts 
to  decompose  at  approximately  SO^C.,  transforming  to  Y-A1203  at  ap¬ 
proximately  300°C.  It  la  known  that  a  sample  can  be  heated  to  this 
range  simply  by  Increasing  the  beam  Intensity. 
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Table  XXII 


(C )  Electron  Diffraction  Studies  of  the  Surface 
of  Long-Term  Sarvellance  Samples  of  Aluminum  Hydride 


Sample  Number  _ Analysis  of  Surface 


02034A 

Y-  or  T|-Al202 

02044 

Y-  or  T|-Al203 

02044A 

Y-  or  T|-Al203 

02134A 

Y-  or  >1-Al203 

03294 

Y-  or  T1-AI2O3 

04194 

Y-  or  T1-AI2O3 

060 14 A 

Amorphous 

0602 4A 

Y-  or  T1-AI2O3 

06054 

Amorphous 

OoiO'tA 

Amorphous 

06104AT(VCN) 

Y-  or  T1-AI2O3  and  Al* 

oyoPi'' 

Y-  or  T1-AI2O3  and  Al* 

070a4T(VCN) 

Amorphous 

020 55A 

Amorphous 

U2125A 

Amorphous 

04185A 

Amorphous  (possibly  LlAlsOa) 

04195A 

Amorphous 

04265B 

Amorphous 

06225 

Amorphous 

0<i2/5 

Amorphous 

06285 

Y-  or  T1-A1203 

8262-] 031 (Mg) 

Amorphous 

5853-l4l(Mg) 

Amorphous  (KgAl204) 

(C )  The  surface  of  several  samples,  as  shown  In  Table  XXII, 
appeared  to  be  completely  amorphous,  as  no  pattera  could  be  ob¬ 
tained,  with  the  exception  of  a  pattern  of  aluminum  found  after 
prolonged  searching.  The  aiuminum.  which  is  not  reported  In  Table 
XXII.  Is  believe  to  represent  .lecomposltlon  generated  by  the  elec¬ 
tron  beam  as  the  sample  Is  heatco  uurlng  examination.  In  some  In¬ 
stances,  however,  weak  patterns  of  aluminum  metal,  which  are  thought 
to  represent  original  decomposition  of  the  hydride  at  the  surface, 
are  found  during  scanning  of  the  samples. 
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(C)  It  should  also  be  pointed  out  that  these  samples  are  not 
ground  or  exposed  to  air  prior  to  examination.  The  large  crystal 
size  (~100  u)  of  the  hydride  does,  to  a  degree,  limit  our  ability 
to  characterize  the  surface,  since  the  electron  team  examines  only 
an  area  1  m  In  width.  Hence,  a  probability  factor  exists  In  ex¬ 
amining  the  surface  of  the  hydride;  this  Implies  that  the  condition 
of  the  surface  reported  In  Table  XX  Is  not  a  complete  characteriza¬ 
tion,  but  that  the  condition  reported  represents  the  probability  of 
8  greater  portion  of  the  surface  existing  In  that  state. 

(C)  It  la  known  that  If  the  samples  are  ground,  a  clear  pattern 
of  AIH3-1451  Is  Immedla-ely  observed. 

(U)  In  sample  04l85A,  a  different  pattern  was  observed  which 
could  possibly  represent  the  formation  of  LlAlsOa.  The  examination 
of  the  surface  of  a  magnesium -doped  sample  (5853-1^11  also  yielded 
a  different  pattern  which  closely  resembles  MgAl204.  This  phase 
was  not  believed  to  be  originally  present,  but  was  produced  as  a 
result  of  prolonged  examination  of  the  surface. 

(C)  Therefore,  It  Is  concluded  that  aluminum  hydride  possesses 
a  hydrophilic  surface.  The  surface  developed  as  a  result  of  this 
property  consists  of  oxides  (AI2O3),  oxy -hydroxide 3  (AlOOH),  and 
hydroxides  [A1(0H)3]  varying  In  degree  of  molecular  order  from 
completely  amorphous  to  crystalline  AI2O3. 

4.  Effect  of  Magnesium  on  Unit  Cell  Dimensions  of  Aluminum 

— ByarrT^piT'it-gr  TCI -  - 

(C)  It  was  pointed  out  by  Dr.  Bock  of  Edwards  Air  Force  Base  (8) 
that  the  Incorporation  of  magnesium  Into  the  lattice  of  AIH3-1451 
resulted  In  'n  expanded  unit  cell.  An  example  of  tills  phenomenon 
was  previously  reported  (l);  however.  It  was  not  known  at  that  time 
If  the  lattice  constants  Increased  as  the  magnesium  concentration 
Increased  or  If  the  expansion  was  a  linear  function  of  percent 
magnesium. 

(C)  Subsequent  to  these  original  observations,  a  series  of 
samples  doped  with  various  amounts  of  magnesium  was  obtained  and 
evaluated.  The  unit  cell  dimensions  of  each  sample  were  carefully 
determined  from  X-ray  patterns  taken  on  an  AEG  Qulnler  type  focusing 
camera  with  aluminum  as  the  reference.  The  resulting  data  are  sum¬ 
marized  In  Table  XXIII. 

(C)  The  data  clearly  Indicate  that  the  lattice  constants  a  and 
c  Increase  as  the  magnesium  concentration  Incieases.  The  changes 
In  lattice  constants  are  reasonably  small  but  easily  detectable. 

The  data  also  Indicate  that  both  the  a  and  c  lattice  constants  show 
approximately  the  same  percent  expansion  although  the  c  axes  are 
changing  more  than  the  a  axes.  A  plot  of  the  data  In  Figure  68 
shows  that  the  unit  cell  expanaior  Is  nearly  a  linear  function  of 
the  percent  magnesium  incorporated  Into  the  lattice. 
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t  Cell  Dimensions  of  Aluminum  Hydride  as  a  Function 
Percent  Magnesium  IncoiTporated  Into  Lattice 


CONFIDENTIAL 


/ 


Table  XXIII 


(C)  Unit  Cell 

Dimensions 

of  Aluminum 

Hydride 

as  a  Function  of  Magncs 

lum  Concentration 

3amplu  No. 

Wt.  Mg 

f  A 

c,  A 

Original 

0.3 

4.4498 

5.9062 

38‘S3-’iO 

0.6 

4.4518 

5.9098 

5853-23 

0.6 

4.4528 

5.9118 

5853-127 

0.9 

4.4544 

5.9137 

5853-128 

1.38 

4.4589 

5.9180 

5853-137 

1.80 

4.4598 

5.9184 

5853-145 

2.09 

4.4607 

5.9200 

5.  Teat  Apparatus  (U) 

(C)  The  decomposition  rate  of  aluminum  hydride  Is  known  to  be 
affected  by  mercury.  The  accuracy  of  the  100“C.  vacuum  decomposition 
apparatus  was  previously  reported  and  found  to  be  reliable  for  samples 
possessing  "normal"  stability,  but  unreliable  for  samples  possessing 
Improved  stability  such  as  magnesium-doped  material  (l).  Therefore, 
all  magnesium -doped  samples  are  currently  being  evaluated  at  elevated 
temperatures  with  a  pressure  transducer  apparatus. 

(C)  However,  most  other  samples  are  currently  evaluated  at  6o*C. 
by  a  modified  Tallanl  apparatus.  This  apparatus  has  demonstrated 
relatively  good  precision,  but  the  accuracy  has  not  been  completely 
established  (13).  Currently,  this  apparatus  Is  being  examined  by 
comparing  the  measured  decomposition  rate  with  that  measured  by  a 
pressure  transducer  apparatus.  .Using  a  pressure  transducer,  two 
of  the  samples  were  examined  under  vacuum  and  two  under  N2 ,  as  shown 
In  Table  XXIV.  Differences  In  the  measured  rates  of  decomposition 
at  60*C.  have  been  observed;  however,  additional  data  are  necessary 
before  any  definite  conclusions  regarding  the  accuracy  of  the  modi¬ 
fied  Tallanl  apparatus  can  be  drawn.  It  can  be  stated,  though, 
that  the  results  In  general  are  similar. 

D.  CRYSTAL  STRUCTURE  STUDIES  OF  ALUMINUM  HYDRIDE^  (C ) 

1.  Comparison  of  Proposed  Aluminum  Hydride-1431  Structures  (C ) 

(C)  At  the  meeting  of  the  Working  Orouo  on  Analytical  Chemistry 
of  the  Interagency  Chemical  Rocket  Propulsion  Group,  February  24-26, 
1965,  three  papers  concerning  the  structure  of  AIH3-145I  were  pre¬ 
sented.  In  particular,  J.  R.  C.  Duke  of  the  Ministry  of  Aviation, 


^Work  by  Dr.  J.  W.  Turley  of  the  Chemical  Physics  Research  Labora 
tory  of  The  Dow  Chemical  Company. 
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Table  XXIV 


(C)  Comparison  of  Decomposition  Rates  of  Aluminum  ttydrlde 
as  Measured  by  the  Tallanl  and  pressure 
Transducer  Apparatu?^  at  60"C. 


Decomposition,  % 


Days 

Sample  No. 

Teat 

1 

4 

5 

6 

8506-95 

Transducer® 

0.21 

0.55 

0.66 

0.77 

0.94 

1.7 

Tallanl® 

0.02 

0.05 

0.23 

0.46 

0.66 

0.90 

5012-41-1 

Transducer® 

0.08 

0.18 

0.31 

0.45 

0.57 

0.73 

TSllanl® 

0.07 

0.15 

0.29 

0.49 

0.75 

1.7 

8262-54 

Transducer^ 

0.50 

0.70 

0.90 

1.2 

1.6 

2.3 

Tallanl® 

0.02 

0.04 

0.30 

1.2 

2.2 } 

— 

8262-59 

Transducer^ 

0.0 

0.10 

0.14 

0.20 

0.23 

0.24 

Tallanl^ 

0.02 

0.05 

0.18 

0.65 

1.72 

... 

^Nitrogen  atmosphere 
^Vacuum 


Explosives  Research  ana  Development  Establishment,  Waltham  Abbey, 
England,  discussed  the  results  of  an  X-ray  diffraction  analysis  of 
this  stmicture  which  conflicted  with  previously  postulated  struc¬ 
tures.  The  excellent  state  of  refinement  of  Duke's  data,  together 
with  additional  evidence  from  wldellne  proton  NMR  ("Configuration 
of  IHH-2  by  Wldellne  Proton  NMR",  by  R.  E.  Swarbrlck,  Esso)  reported 
at  the  same  meeting,  strongly  suggests  that  the  A1  atoms  are  In 
the  configuration  as  described  by  Duke  and  shown  In  Figure  69. 

In  this  structure,  the  aluminum  atoms  are  at  the  points  of  the 
rhcmbohedral  lattice  and  equidistant  from  each  other.  The  Al-Al 
distance  of  3.240  A  is  considered  to  be  due  to  hydrogen  bridging, 
and  Duke  has  assigned  the  hydrogens  to  positions  midway  between 
each  pair  of  aluminum  atoms  on  the  edges  of  the  rhomb ohedral  cell. 
This  arrangement  leaves  a  fairly  large  cage-llke  hole  in  the  center 
of  the  unit  cell.  The  dimensions  of  this  hole  are  given  by  the 
body  diagonals,  three  of  which  muasure  5.509  A  and  one  of  which 
measures  5.911  A.  If  the  aluminum  atom  has  a  radius  of  1.43  A, 
then  the  largest  dimension  of  this  space  Is  3*051  A;  the  shorter 
dimension  Is  2.649  A.  'Rie  second  and  third  closest  AlrAl  distances 
are  given  by  the  two  face  diagonals  4.455  A  and  4.706  A. 

(C)  The  hexagonal  structure  for  A1H3-1451  reported  by  Dow 
earlier  Is  shown  In  Figure  70.  In  this  unit  cell,  the  c-axls  of 
5.911  A  and  the  a -axis  of  4.455  a  correspond  to  the  5*911  A  body 
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(C)  Pig.  69  -  Aluminum  Hydride-1451  Structure 
Proposed  by  Duke 
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(C) 


Pig.  70  -  Aluminum  Hydrlde-l451  Structure 
Previously  Proposed  by  Dow 
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diagonal  and  the  4.455  i  face  diagonal  respectively  In  Duke's 
rhorabohedral  cell.  For  further  cowparlson,  the  corresponding  dis¬ 
torted  rhombohedral  cell  has  been  sketched  In  with  four  5-470  Jl 
end  two  2.869  i  elges.  It  Is  to  be  noticed  that  In  both  structures 
the  atoms  lie  01,  planes  which  are  perpendicular  to  the  c-axls  or  to 
the  body  diagonal,  which  are  1.970  Jl  apart.  In  these  planes,  the 
aluminum  atoms  have  the  same  positions  with  respect  to  eav-h  other 
In  both  structures;  the  difference  lies  In  the  positioning  of  the 
planes  with  respect  to  each  other.  In  the  Dow  structure,  ea  :h  alu¬ 
minum  atom  has  one  2.869  Jl  approach  and  two  5.470  Jl  approaches  to 
aluminum  atoms  In  both  the  plane  above  It  and  the  plane  below  It. 

In  Duke's  structure,  each  aluminum  atom  has  six  5.240  Jl  approaches, 
three  to  aluminum  atoms  In  the  plane  above  and  three  to  aluminum 
atoms  In  the  plane  below.  Thus,  the  transformation  from  t'ne  Dow 
structure  to  Duke's  structure  can  be  visualized  as  a  horizontal 
shifting  of  the  planes  of  atoms  above  and  below  a  given  plane  until 
all  of  thw  atoms  are  equidistant  and  5.240  Jl  apart.  During  this 
maneuver,  the  configuration  within  the  planes  Is  held  constant. 

(C)  Although  the  evidence  for  Duke's  structure  Is  convincing 
with  respect  to  the  aluminum  atoms,  the  evidence  for  the  hydrogen 
positions  Is  not  nearly  so  strong.  Because  of  the  basic  difficulty 
of  obtaining  reliable  Information  about  hydrogen  atoms  from  X-ray 
diffraction  data,  neutron  diffraction  data  have  been  obtained. 

(C)  The  structure  based  on  the  Interpretation  of  these  data 
la  discussed  In  Section  D.2.  The  structure  of  aluminum  metal  Is 
shown  In  Pl5,ure  71.  This  was  previously  compared  with  the  Dow 
A1H3-1451  structure  but  Duke's  structure  shows  an  even  closer  rela¬ 
tion.  In  the  metal,  the  atoms  In  a  plane  are  2.86  I  apart,  and  In 
the  hydride  they  are  4.455  Jl  apart;  the  configuration  of  the  alu¬ 
minum  atoms  la  the  same  In  both.  In  the  metal  the  planes  are 
2.558  k  apart,  and  In  the  hydride  they  are  1.970  Jl  apart.  There¬ 
fore,  the  net  result  of  the  decomposition  of  the  hydride  to  the 
metal  la  an  Increase  In  the  Interlayer  distance  and  a  decrease  In 
the  Interatomic  distances  within  the  layer. 

2.  X-Ray  and  Neutron  Powder  Diffraction  Data  (U) 

a.  X-Ray  Powder  Diffraction  Data  for  Aluminum  Hydrlde-l451  and 

Aluminum  Deuterlde-145T  fCl 

(C)  Although  the  Alh3-l451  crystal  structure  reported  by 
Duke  (6)  appeared  to  be  acceptable  and  reasonably  well -substantiated, 
analysis  of  the  neutron  powder  diffraction  data  shows  unequivocally 
that  the  X-ray  powder  pattern  line  at  1.95770  Jl,  which  was  disre¬ 
garded  by  Duke,  beiongs  to  the  1451  pattern  and  must  be  Included 
In  any  refinement  of-  the  structure.  It  also  follows  from  this  that 
the  c -dimension  of  the  crystal  unit  cell  Is  twice  the  value  reported 
by  J.  R.  C.  Duke.  Further  consideration  has  also  been  given  to  the 
choice  of  a  space  group  for  this  structure.  The  fact  that  R3m  re¬ 
quires  two  sets  of  equivalent  positions  to  describe  the  aluminum 
atoms,  which  are  almost  certainly  equivalent,  leads  to  the  choice 
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(U)  Pig.  71  -  Pace-Centered  Cubic  Structure 
of  Aluminum  Metal 
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of  the  higher  symmetry  space  group  r3c .  Special  positions  6(a) 
and  l8(e)  in  this  space  group  are  being  used  for  the  A1  and  H 
(or  D)  atoms,  respectively.  The  unit  cell  dimensions  for  both  the 
hydride  and  deuterlde  have  been  refined  using  Frevel's  methods  of 
axial  ratios  (l4)  with  observed  d-spaclngs  measured  from  a  film 
obtained  with  an  AEG  focusing  camera.  The  new  values  below  are 
expressed  in  both  the  hexagonal  and  rhombohedral  systems: 

_ Hexagonal _  _ Rhombohedral _ 

AIH3-1451  a  =  4.4498  Jl.  c  =•  11.8125  i  a  =  4.7015  i,  a  =  56.49  k 
AID3-1451  a  =  4.431  Jl.  c  =  11.774  k  a  =  4.6848  k,  a  ^  56.45  k 

Table  XXV  compares  observed  and  calculated  d-spaclngs  for  both 
crystals,  Indexed  in  the  hexagonal  system. 

b.  Neutron  Powder  Diffraction  Data  for  Aluminum  Deuterlde -1451 

and  Aluminum  Hydride-1451  (c^ 

(C)  Neutron  powder  diffraction  data  for  AIH3-1451  and  AID3- 
1451  were  obtained  at  Argonne  National  Laboratory  through  the 
courtesy  of  Dr.  S.  S.  Sidhu.  A  10-12  gram  sample  was  required  for 
the  experiment  and  the  diffracted  Intensities  were  recorded  using 
counter  techniques.  A  0.1“,  20  step-scan  technique  was  used  for 
the  1451  compounds.  The  experimental  results  were  obtained  in  the 
form  of  a  Hat  of  20  values  and  corresponding  counts  plus  a  strip 
chart  record  used  to  monitor  the  experiment. 

(c)  The  AIH3-I451  data  showed  a  high  background  with  only  5  or 
5  peaks.  Tha  A1D3-1451  pattern  was  much  more  complex,  showing  at 
least  15-20  peaks.  Sets  of  hydride-deuterlde  date  are  generally 
used  to  solve  for  phase  angels  of  reflections  common  to  both  sets. 

The  method  Is  based  on  knownlng  the  scattering  length  for  H  Is  neg¬ 
ative  and  that  for  D  Is  positive,  so  that  enhancement  or  diminution 
of  a  peak  In  one  pattern  In  comparison  with  the  same  peak  In  the 
other  pattern  can  be  Interpreted  In  terms  of  positive  and  negative 
phase  angles.  However,  this  hydride  data  will  not  be  processed 
because  a  trial  structure  Is  already  available  for  AIH3-1451.  The 
deuterlde  data  have  been  plotted  (counts  vs.  20),  and  the  over¬ 
lapping  peaks  resolved  by  "peeling."  The  graphical  Integratlrns 
have  been  carried  out  using  a  planlmeter,  and  Indexing  of  the  peaks 
has  been  satisfactorily  completed.  Indexing  In  both  the  rhombohedral 
and  hexagonal  systems  Is  shown  In  Table  XXVI.  The  observed  and 
calculated  20  values  as  well  as  the  normalized  Intensities  are 
given.  Aluminum  and  deuterium  each  have  about  the  same  scattering 
power  for  neutrons  In  contrast  with  the  strong  scattering  power  of 
Al  and  weak  scattering  power  of  deuterium  for  X-rays.  As  a  result, 
the  neutron  diffraction  Intensities  are  very  sensitive  to  shifts 
In  position  of  the  dueterlum  atoms,  and  a  structure  refinement 
should  give  reliable  Information  about  these  positions. 
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Table  XXV 

(C)  X-Ray  Powder  Diffraction  d-Spacinga  for  Aluminum 
Hydride -1431  and  Aluminum  Deuterlde-1451^ 

Aluminum  Hydride -1451  _ Aluminum  Deuterlde -1451 


hkl 

d(obs) 

d(calo . ) 

hkl 

d (obs ) 

d(calc.) 

012 

3.2284 

3.2274 

012 

3.217 

3.2147 

104 

2.3445 

2.3440 

104 

2.336 

2.3355 

110 

2.2252 

2.2249 

110 

2.215 

2.2155 

006 

1.9686 

1.9687 

006 

1.962 

1.9623 

113 

1.9377 

1.9370 

113  (weak) 

1.920 

1.9293 

202 

1.8316 

1.8318 

202 

1.824 

1.8242 

024 

1.613^ 

1.6137 

024 

1.607 

1.6074 

Il6 

1.4743 

1.4744 

116 

1.469 

1.4690 

122 

1.4140 

1.4i42 

122 

1.408 

1.4083 

0l8 

1.3788 

1.3788 

018 

1.375 

1.3742 

214 

1.3064 

1.3063 

214 

1.501 

1.3010 

300 

1.2846 

1.2846 

300 

1.279 

1.2791 

1*0*10 

1 . 1292 

1.1294 

208 

1.168 

1 . 1678 

220 

1.1124 

1.1124 

il9 

1.126 

1.1265 

306 

1 .0765 

1.0758 

220 

1.108 

1.1078 

312 

1 .0526 

1.0517 

306 

1.072 

1.0716 

128 

1.0374 

1.0369 

312 

1.047 

1.0473 

0.2*10 

1.0071 

1.0070 

128 

1.033 

1.0330 

134 

1.0045 

1.0050 

0.2«10, 

134 

1.002 

1.0035.  1.0009 

0.0.12 

0.9833 

0.9844 

0*0.12 

0.980 

0.9812 

226 

0.965 

0.9647 

042 

0.947 

0.9468 

2*1.10, 

404 

0.913 

0.9141^  0.9121 

1*1-12, 

137 

0.8?B 

0.8994,  0.8971 

232 

0.871 

0.8707 

318 

0.863 

0.8624 

324 

0.841 

0.8434 

410 

0.838 

0.8374 

235 

0.829 

0.8246 

048 

0.804 

0.8037 

^Observed  data  were  recorded  with  an  AEG  focusing  camera  and 
represent  averages  of  five  Norelco  charts. 
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Table  XXVI 

(C)  Neutron  Powder  Diffraction  Data  for 
Aluminum  Deuterlcle-1451  Space  Group  R^c* 


I/I»(0bs) 

20(obs)  20(calc) 

(hexagonal) 

hkl 

( rhorabohedral) 
hkl 

18.34 

18.98 

19.14 

012 

110 

[26.46 

104 

211 

7.93 

27.80 

[27.92 

110 

lOl 

[■31.61 

006 

222 

100.00 

32.03 

I32.I7 

113 

210 

10.66 

38.84 

38.85 

024 

220 

29.^2 

42.68 

42.6? 

116 

321 

6.19 

43.58 

^3.59 

211 

20I 

[44.61 

122 

21I 

3.51 

44.26  ’ 

[45.78 

018 

332 

[♦8.51 

214 

310 

27.87 

49.42 

[49.40 

300 

2II 

2.91 

51.52 

51.29 

125 

320 

4.87 

54.60 

54.48 

208 

422 

1 

■56.65 

119 

432 

56.70 

I-O-IO 

433 

27.17 

56.80  < 

57.70 

220 

205 

58.24 

217 

421 

59.84 

306 

4 11 

60.18 

223 

311 

40.31 

60. 40 

60.56 

131 

212 

61.37 

512 

30l 

^2.32 

128 

431 

^66. 02 

0-0-12 

444 

66.89 

315 

410 

17.02 

67.09  ' 

67.29 

226 

420 

_68.74 

042 

222 
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Table  XXVI  (Contd.) 


'l.(obs) 

20(obs) 

20(calc) 

(hexagonal) 

hkl 

( rhonbohec 
hkl 

■71.57 

2.1.10 

532 

71.75 

404 

400 

5.98 

73.18 

< 

72.93 

137 

430 

73.14 

1-1.12 

543 

75.01 

321 

302 

0  .51 

75.90 

75.74 

232 

312 

■76.60 

318 

521 

76.72 

1-2.11 

542 

15.49 

78.81 

< 

78.43 

229 

531 

78.65 

324 

4ll 

79.33 

410 

312 

80.81 

235 

421 

6.69 

81.71 

< 

81.18 

0.1-14 

544 

81-49 

413 

40l 

fl35.22 

1-3-10 

541 

86.52 

327 

520 

86,72 

0-3-12 

552 

11.63 

87.45 

87.88 

2-0-14 

644 

87.89 

4l6 

510 

88.16 

2-1.13 

643 

89.23 

502 

5ll 

■90.06 

238 

530 

90.18 

3-1-11 

632 

91.89 

4-0-10 

622 

92.06 

054 

332 

92.51 

1-1-15 

6^=4 

92.73 

330 

305 

93.39 

2-2-12 

642 

9.52 

92.45 

94.56 

1-i- 14 

653 

94.86 

333 

412 

95.20 

241 

313 

95.39 

1-0-16 

655 

95.91 

422 

402 
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3j _ Presenr  State  of  Peflnenent  of  the  Alunlnun  DeutGride-l43l 

C<~ruct-’re'  fc] 

(C)  From  the  discussion  of  space  group  syrnetry  In  Sect;  t. 
D.2.a.,  It  Is  seen  that  all  atoms  In  this  structure  are  In  special 
positions.  The  aluminum  atoms  are  at  fixed  lattice  points  with 
no  variation  In  uusltlon  allowed,  and  the  position  of  the  deuterium 
atoms  Is  a  one-parameter  problem.  Intensity  ratios  for  a  set  of 
six  uniquely  Indexed  peaks  were  us.d  to  giv-.-  and  obtain  a  trial 
solution  to  this  problem.  The  unrefined  puicmeter  gives  a  value 
of  about  1.8  A  for  the  Al-D  ’'ond  distance  In  the  bridge.  In  the 
boron  hydrl'^es,  this  brldglnt,  distance  Is  approximately  equal  to 
the  sum  of  the  covalent, radii  of  the  aton-j  For  the  AID3,  I.18 
(Al)  +  0.7,  (D)  =  1.55  A,  although.  In  thi  case,  the  use  of  the 
1.43  A  ate  Ic  (or  metallic)  radius  for  aluminum  gives  better  agre'^- 
ment .  Fig  ire  72  Is  a  schematic  drawing  of  the  st  nicture  as  vleweu 
along  the  h«"xagonal  c-axls.  The  '■  nlnuin  atoms  are  octahedrally 
coordinated  to  six  bridge-forming  hydr  <ens,  as  shown  by  the  drawing 
of  the  con  'Inatlon  polyhedron  for  the  ,entral  atom  at  Z  =  1/2  with 
three  hydrogen  at  Z  =  0.42  and  thrje  '  drogens  at  Z  =  O.58.  In 
this  figure,  the  solid  lines  outll  '  .e  unit  cell,  and  the  numbers 
at  atom  pc  '.ons  give  Z  coordlnat  ir  those  atoms.  The  bridging 

at  the  ce:  mlnum  at  Z  -  1/2  the  six  nearest  aluminum 

neighbors  .  It.  Figure  77*  In  one  unit  coll,  the  structure 

Is  represent  ;h  .e  different  columns,  parallel  with  the  Z- 

axls,  of  two  aluminums  each,  and  by  tv;o  dlfferer;  columns,  also 
parallel  with  Z,  of  three  hydrogens  each.  The  bridging  of  the  three 
hydrogens  on  one  column  to  the  surrounding  three  columns  of  aluminum 
atoms  Is  shown  In  Figure  74.  Each  column  of  a.. ’mlnum  a  oms  Is  sur¬ 
rounded  by  six  columns  of  hydrogen  atoms  (three  of  each  kind). 

(C)  In  Pig  are  75t  the  motion  of  hydrogen  atoms  which  Is  required 
to  transform  Duke's  proposed  structure  Into  the  above-discussed 
structure  Is  shown  with  arrows.  The  change  produces  a  configuration 
which  appears  to  fill  the  lattice  more  uniformly  than  that  proposed 
by  Du.ke  (fi)  ;  however,  further  comment  win  be  withheld  \jntll  refine¬ 
ment  of  the  structure  Is  completed. 

4.  Characterization  of  Alumlm^n  Hydride-1717  and  Aluminum  Hydrlc.e- 

15b3  (CJ 

( C)  Microscopic  examination  of  some  recent  samples  showed  large 
crystals  of  two  different  polymorphs.  These  were  separated  under 
the  microscope  and  then  used  for  further  Identification  by  single 
crystal  methods.  Crystals  of  AIH3-I717  and  AIH3-1563  have  been 
separated  from  a  mixture  of  AIH3-1451,  AIH3-I717,  and  AIII3-1563. 

(C)  Crystals  of  AIH3-1717  are  colorless  and  tab'l et- shaped ,  ap- 
proxlmj  ely  square,  and  about  1/5  to  l/lO  as  thick  as  they  are  wide. 
They  are  of  orthorhombic  symmetry  and  crystallize  In-  space  group 
C2icm,  Cmc2i,  or  emem  with  extinction  rules 

hkl,  h  +  k  =  2n,  c-c  itered  u»  .  cell 

hoi,  1  :  2n,  c-g^lde  plane 
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•  72  -  Schci’-atlc  Drawing  of  the  Structure  of  Aluminum  Hydrlde-l451 
Jectlon  on  .'-e  (OOl)  Plane  Showing  the  Aluminum  Coordination 


(C)  Fig.  73  -  Schematic  Drawing  of  the  (OOl)  Projection  of  Aluminum 
Hydrlde-l^Sl  Structure  Showing  the  Al-H-Al  Bridging  for  one  Aluminum 
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.  75  -  Schematic  Drawing  Illustrating  the  Relationship  Between 
:es'  and  the  Newly  Proposed  Structure  as  Viewed  from  the 
Projection  on  the  (OCi;  Plane 
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and  unit  cell  dimensions: 

a  =»  8.661  k,  b  =  9.925  k,  c  =  12.?'55  A 

(C)  Although  the  Indexing  of  the  observed  X-ray  diffraction 
pattern  Is  not  yet  complete,  agreement  between  calculated  and 
observed  d-spacings  appears  to  be  satisfactory.  A  calculation  of 
d-apaclngs  out  to  the  limit  of  the  Cu  reflecting  sphere  shows  that 
700  non-equivalent  X-ray  diffraction  lines  are  allowed. 

(C)  Crystals  of  AIH3-I565  are  colorless  and  rectangulai-,  with 
an  approximately  diamond  cross-section.  Efforts  to  mount  one  of 
these  crystals  have  not  yet  been  successful. 

E.  EVALUATION  OF  ALUMINUM  HYDRIDE-1451  AS  A  PROPELLANT  INGREDIENT 


(Cj  A  program  of  study  encompassing  the  stability,  compati¬ 
bility,  formulatablllty,  and  aging  characteristics  of  propellant 
containing  A1H3-1*<51  fuel  was  undertaken.  The  purpose  of  this 
work  was  to  detect  and  Identify  those  reactions  or  processes 
taking  place  In  the  propellant  system  which  could  significantly 
affect  the  performance  of  rocket  propellants  containing  AIH3-IH51. 
The  study  Included  both  double  base  and  composite  propellaint 
systems.  Wormal  hydride,  as  well  as  some  of  the  most  recently 
synthesized  liTiproved  Allls-l^^l,  was  c/aluatcd. 


(C)  The  study  was  divided  Into  two  parts,  foxinulatlon- 
compatlblllty  investigations  and  long-term  stability  surveillance. 
Compatibility  studies  were  conducted  on  samples  of  double  base 
and  composite  propellant.  These  were  first  formulated  In  the  dry 
box, then  cured  In  the  Tallanl  apparatus  at  6o®C.  Observations 
were  made  of  the  rates  of  gas  evolution  as  Indicators  of  system 
Incompatibility.  Long-term  aging  studies  at  c5‘*C.  and  40'’C.  were 
also. conducted  on  larger  samples,  l/^-lb.  mo  ors  and  l/5-ib.  slabs, 
stored  In  surveillance  bombs.  Periodically,  analyses  were  made 
of  the  gas  In  these  bomba  to  determine  the  onset  of  decomposition. 
Prom  time  to  time  the  ballistic  and  physical  properties  of  samples 
of  propellant  were  also  studied.  In  this  work,  however,  only 
double  base  propellant  was  surveyed  because  of  the  limited  com¬ 
patibility  of  the  composite  formulations. 

(C/  Formulations  and  compatlbll.  y  ctudles  have  Indl  ♦•ed 
the  relative  compatibility  of  AIH3-145:,,  with  the  dlfferer  ro- 
pellant  Ingredients.  .Epoxies  and  BDNPA,  bls(2,2-dlriltrop....pyl) - 
acetal,  were  found  to  Increase  the  rate  of  decomposition  of  the 
hydride  when  compared  to  the  neat  AIH3-1451,  but  nitrocellulose 
(which  contained  ethyl  centrallte)  and  other  nlcro  esters  (TMETN) 
exhibited  a  stabilizing  Influence. 


(c)  Surveillance  studies  have  provided  -omposltlon  rates 
of  AIH3-1451  In  double  base  propellant  of  approximately  1.12  x  10”® 
percent  per  day  at  25'’C.  after  125  days,  and  3. 00  x  10  ®  percent 
per  day  at  4o“C.  after  100  days.  If  the  gassing  rate  remained 
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constant  at  these  values  the  hydride  would  be  expected  ‘c  exhibit 
decomposition  per  year,  or  2^  decomposition  In  flvt,-  years  at 
25°C.  At  ‘+0°C.  the  hydride  should  show  I.!;?  decom.posltlcn  per  year 
or  5-5^  decomposition  In  five  years.  In  addition,  sene  Insight 
Into  the  aging  characteristics  of  the  propellant  has  been  gained. 

A  slight  hardening  and  embrittlement  of  the  AlH3-l-f51  double  base 
propellant  occurs  with  age,  but  voids  formed  In  the  propellant  by 
decomposition  of  the  A1H3-1‘451  were  not  observed 

(C)  A  procedure  has  been  developed  for  recovering  the  AIH3- 
1451  from  a  cured  propellant  sample  of  doable  base  propellant.  A 
solvent  Is  used  to  remove  the  other  Ingredients,  leavlrt  the  In¬ 
soluble  crystals  of  AIH3-I451.  Analytical  results  from  the  re¬ 
covered  AIH3-1451  Indicate  that  a  coating  consisting  of  oxides  of 
nitrogen  has  formed  on  the  surface  of  the  AIH3-I451. 

1.  Compatibility  Studies  of  Aluminum  Hydride-1451  (c) 

(C)  As  a  complementary  program  to  the  surveillance  program, 
studies  have  been  conducted  on  the  reactivity  of  typical  p-mnel''  t 
Ingredients  with  various  types  of  AIH3-I451.  This  work  hf  1  ly 
beer,  conuucted  In  the  Talianl  gas  evolution  apparatus  ac  < 
with  the  rates  of  gas  evolution  giving  a  quantitative  Indi .  -.on 
of  compatibility.  Qualitative  analyses  by  mass  spectroscopy  of 
the  off-gases  have  also  been  made.  The  solid  residues  from  these 
tests  have  been  analyzed  by  X-ray  diffraction.  Chemical  methods 
have  been  developed  to  allow  a  more  complete  study  of  these 
residues  to  Indicate  the  nature  of  AIH3-145I  decomposition  In  a 
propellant  grain.  The  solubility  of  hydrogen  In  the  propellant 
Ingredients  was  determined  but  found  to  be  negligible. 

(U)  Work  Is  also  In  progress  to  develop  data  on  the  dlffuslvlty 
of  hydrogen  In  the  propellant.  This  work  should;  provide  the  correc¬ 
tive  factors  needed  for  accurate  Interpretation  of  Talianl  and 
formulation  data. 

(C)  The  Talianl  studies  have  Included  maeneslum-dnpen  and 
sui-face-hydrolyzed  samples  of  AIH3-I45I  as  well  as  a  standard  lot 
(020;j5)  of  the  hydride.  The  hydride  was  combined  with  propellant 
Ingredients  In  various  combinations.  The  weight  ratio  of  nydrlde 
to  the  other  propellant  Ingredients  was  maintained  at  the  concen¬ 
trations  listed  In  Table  .XXVTI.  In  all  cases,  0.25  6-  of  AIH3-I45I 
was  combined  with  the  corresponding  amount  of  propellant  component 
being  checked.  No  special  preparation  of  the  Ingredients  other 
than  removal  of  shipping  solvents  was  used,  with  the  exception  of 
the  Epon  2  epoxy  resin  which  will  be  discussed  later.  The 
Talianl  ■  its  were  run  at  60°C.  under  an  Inert  atmosphere.  A 
list  of  .ese  tests  Is  presented  In  Table  XXVIII.  Some  of  the 
corresponding  off-gas  analysis  results  are  listed  In  Table  XXIX. 

In  an  effort  to  correlate  the  Talianl  results  to  propellant  Ingre¬ 
dient-  cont'  lants,  analyses  were  run  to  determine  water  and  free 
hydroxyl  .on cent  of  some  of  the'  Ingredients.  The  results 
these  determinations  are  given  _.j  Tab’'’  XXX. 
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Table  XXVII 


(C)  CoT.poslti on  nf  Propellant  Forr.ulatl u  j 


Material 


Double  Base  Corr.poslt? 

Propellant,  %  Propellant,  % 


HX  755 

— 

PGMC 

12.0 

MAFO 

— 

Epon  812 

— 

TMETN 

— 

NG 

26.2 

TEGDn’ 

4.4 

BDNPA 

4.4 

2  -NDPA 

1.0 

ncsi^'  Inol 

1.0 

1451 

25. c 

AF 

26.0 

9.^ 

1.2 
0.8 
14  .2 


25.0 

49.4 


(C)  The  early  Tallanl  results/  shown  in  Figure  76,  indicated 
that  the  composite  propellant  system  Increased  the  decomposition 
rate  of  the  AIH3-1451  as  compared  with  neat  AIH3-145I;  however, 
the  double  base  propellant  SiiStem  exhibited  a  reduced  decomposition 
rate.  This  suggested  a  possible  Incompatibility  of  the  AIH3-I45I 
with  an  Ingredient  In  the  composite  system  and  a  possible  stabili¬ 
zation  of  the  hydride  by  an  Ingredient  In  the  double  base  formula¬ 
tion.  Studies  were  then  directed  at  Identifying  and  determining  the 
cause  and  Ingredients  responsible  for  these  phenomena. 


(C)  The  composite  system  was  first  examined  on  the  Tallanl 
apparatus  by  combining  each  of  the  Ingredients  with  AIK3-I45I. 

The  rate  of  gas- generation  from  these  studies  Is  plotted  In  Figures 
77  and  78.  Generation  of  500  mm.  mercury  pressure  very  closely 
approximates  1%  decomposition  l^  the  AIH3-I43I.  These  figures  In¬ 
dicated  some  Incompatibility  wi.  ,  the  Epon  812  epoxy  resin,  causlrg 
acceleration  of  the  decomposition  of  the  AIH3-I451.  Other  Ingre¬ 
dients  of  this  composite  system  demonstr--  1  a  negligible  or 
slightly  bene:  ,clal  effect.  It  was  firs-  'bought  that  the  behavior 
of  the  Epon  /■'2  was  due  to  its  relatively  high  water  content  as 
shown  In  Tab  e  XXX.  However,  reducing  the  water  content  by  degassing 
the  resin  shewed  only  a  slight  Improvement  In  compatibility  with 
AIH3-1451.  Studies  were  then  attempted  to  relate  rates  of  gassing 
with  epoxide  content  of  the  base  polymer.  Examination  of  a,  h‘’h 
purity,  greater  functionality,  Dow  epoxy  resin  again  demonstrated 
a  degree  of  Incompatibility  with  the  AIH3-I451,  but  no  quantitative 
relationship  could  be  shown. 
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IVtle  mill 

{ C)  CoffposUlon  of  Fomulatlona  Tested  on  th»  Tallanl  Amatmtus  nt  >30*C. 

_ _ _ _ Injtredlpnt,  g. _ 

^  t;>on  Dow 

ri: _  H*  ?-^  roMC  MAPO  Bi;  tgoxY  TWTTH  WQ  ftaPW  BnwPA  !>■,  I 


Test 

Hur*bvi* 

Ka  ?y 

L;*on 

KAPO  B12 

111-1,2 

0.09* 

... 

0.012  O.OOd 

0.C9* 

... 

0.012  0.004 

111-5.6 

0.09* 

... 

0.012  0.004 

in-7.8 

... 

-  .— 

nr-*. 2 

... 

... 

0.0i2 

IV-3.* 

0.09* 

--- 

0.012  0.008 

IV -5 .6 

0.09* 

0.012  0.008 

IV-7.8 

.0. 

... 

--- 

V-1.2 

0.09* 

... 

. 

V-3,* 

— 

o.ooe 

V.5.6 

--- 

... 

— - 

V-7,8 

— 

... 

. 

VI-1.2 

... 

0.008 

VI-3,* 

... 

VI -5, 6 

... 

... 

•••  ... 

711-11,12'' 

... 

0.12 

*— *  ... 

711-13,1*8 

... 

0,12 

... 

711-15,168 

... 

0.12 

•••  ... 

711-17,18 

... 

... 

•••  ... 

VlIl-1,2 

... 

0.12 

•••  ... 

7111-3.* 

... 

... 

•••  ... 

7111-5,6 

... 

... 

... 

7111-7,8 

... 

... 

•••  ... 

IX-15,16 

... 

... 

—  0.008* 

IX-17,18 

.... 

... 

. 

X-2»' 

... 

0.12 

•  .... 

X-3 

0.09* 

... 

0.012  0.008 

X-*8 

... 

0.12 

— 

X-5 

0.09* 

0.012  o.ooe 

X-6 

... 

... 

0.008 

X-7 

... 

... 

... 

X-8 

... 

... 

X-98 

... 

0.12 

— 

-  bV 

0.09* 

0.012  0.008 

X-11 

... 

-- 

-  — 

X-12 

... 

... 

---  ... 

x-13 

... 

... 

---  ... 

X-l*8 

... 

0.12 

---  ... 

X-15 

0.09* 

... 

0.012  0.008 

X-i6 

... 

... 

-.-  ... 

X-17 

... 

... 

---  ... 

x-188 

... 

0.12 

X-19 

0.09* 

... 

0.012  0.008 

—  0.1*2 
0.073  — 


... 

... 

— 

0.250* 

... 

0.250* 

... 

... 

... 

0.250* 

—  - 

... 

... 

0.250* 

... 

... 

0.250* 

... 

... 

... 

0.250* 

... 

... 

... 

0.250* 

... 

... 

... 

.250* 

— 

... 

... 

0.250* 

... 

... 

... 

0.250* 

... 

... 

0.250* 

... 

... 

... 

0.250* 

... 

... 

... 

0.250* 

0.263 

0.0** 

0.0** 

0.250* 

0.263 

0.0** 

0.0** 

0.250* 

0.263 

0.0** 

0.0** 

-.- 

... 

... 

... 

0.250* 

... 

... 

... 

0.250* 

... 

0.0** 

... 

0.250* 

— 

... 

0.0** 

0.250* 

0.263 

... 

... 

0.250* 

— 

— 

... 

0.250* 

... 

... 

... 

0.250* 

... 

... 

... 

0.250« 

0.263 

0.0** 

0.0** 

0.250* 

... 

... 

... 

0.250* 

0.263 

0.0** 

0.0** 

0.250^ 

... 

— 

... 

0.2500 

... 

... 

... 

O.250O 

... 

— 

— 

O.250O 

... 

... 

0.0** 

0.250* 

0.263 

0.0** 

0.0** 

0.250* 

... 

-- 

... 

0.25O* 

... 

0.250* 

... 

— 

— 

O.250X 

— - 

0.0** 

O.250X 

0.263 

0.0** 

0.0** 

O.250X 

— 

— 

... 

O.250X 

— 

— . 

0.250* 

... 

— - 

0.0** 

0.250* 

0.263 

0.0** 

0.0** 

0.250* 

... 

... 

0.250* 

—  0.1*2 


•Lot  Ko.  02055. 

^3uol*  of  Spci  812  neuua  Oofuiod  prior  to  tntti^. 

•lot  Ro.  5009.  aoRnMlva^opod  tuplo  cont«lnln«  1.0)1  Mcnolua. 

•lot  Mo.  5009,  'drolrtoO  ■urfaeo,  0.1*)l  oxfion. 

•Lot  No.  02055,  I  OroljioO  lurfu*,  o.lof  aijtm, 

^Ub  run  07085,  ■•cnnliaxJopod  ■uplo  oontolnln*  0.6*J(  McnwlUB. 
*L*b  run  07085,  hydrolfsod  iurfioo. 

Ntimo  forMUtloni  oonUlnod  0.010  s.  of  both  2-n>r*  uxS  morolnul. 
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(C)  Pig.  76  -  Tallanl  Data  on  Aluminum  Hydride-1451  (Lot  02055) 
Typical  Composite,  and  Double  Base  Propellants  at  60“C. 
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(C)  Pig.  '’7  -  Talianl  Data  on  Polymer  Systems 
With  and  Without  Aluminum  Hydrlde-l45l  (Lot  02055) 
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Table  XXX 


(U)  Moisture  Analyses  of  Propellant  Insredlenta 


Component 

%  HaO 

(Karl  Fischer) 

^  OH 

TMETN 

0.09 

0.36 

PGNC 

0.75 

4.91 

Dow  Epoxy 

0.129 

0.25 

Dow  Epoxy  (degassed) 

0.032 

— 

Epon  812 

0.93 

2.92 

Epon  812  (degassed) 

0.16 

2.78 

HX  735 

0.40 

0.11 

TEGDN 

0.197 

— 

AP 

0.01 

(C)  The  gaa  analysis  data,  as  shovm  in  Table  XXIX,  are  limited 
in  accuracy  by  the  small  quantities  of  gas  generated  during  the 
Talianl  test.  Results  did  not  indicate  any  definite  trends  for 
the  composite  propellant  system.  X-Ray  diffraction  data  are  also 
presented  in  Table  XXIX.  However,  X-ray  analysis  was  found  not 
to  be  applicable  for  the  detec+  i  of  small  amounts  of  aluminum 
as  a  result  of  hydride  decompot.  Ion. 

(C)  Interpretation  of  the  Talianl  results  on  the  composite 
propellant  formulation.' shows  that  AIH3-1451  may  be  reacting  with 
the  epoxide  group  of  epoxy  resins.  The  other  ingredients  of  this 
system  did  m  t  seem  to  accelerate  the  decomposition  of  AIH3-1451 
and  therefore  are  considered  compatible  with  hydride.  The  hydroxyl 
and  water  content  of  the  Ingredients  may  have  some  effect  on  com¬ 
patibility,  but  these  effects  seem  to  be  less  than  those  of  the 
reactive  groups, on  the  ingredient  molecules. 

(C)  The  double  base  propellant  system  was  similarly  examined. 
The  effect  of  each  of  its  constituents  on  the  decomposition  rate 
of  A1H3-1451  was  determined,  and  the  results  are  shown  In  “Figure  79* 
This  plot  shows  that  BDNPA  accelerates  the  decomposition  of  the 
AIH3-145I  while  TMETN  and  PGNC  (containing  5^  ethyl  centrallte) 
have  a  stabilizing  effect. 

(C)  The  gaa  analysis  data  from  the  samples  were  again  limited 
In  accuracy  due  to  the  small  quantities  of  gaa  evolved.  The 
appearance  of  NO  and  NaO  was  detected  In  the  gaa  generated  from 
the  double  base  system.  Analytical  work  on  AIH3-1551  recovered 
from  the  double  base  propellant  after  aging  has  yielded  strong 
evidence  of  a  coating  consisting'  of  oxides  of  nitrogen  on  the 
a:'H3-1451  surface.  This  in  situ  surface  coating  may  be  responsible 
for  the  stabilization  of  TTIHs-WSl  observed  in  double  base 
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(C)  Pig.  79  -  Tallanl  Data  on  Aluminira  Hydride -1451  (Lot  02055), 
and  Nitro  Compounds  at  6o“C. 
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propellant.  The  analytical  work  done  on  the  propellant  will  be 
more  fully  discussed  In  connection  with  the  long-term  surveillance 
of  the  propellant.  These  results  substantiate  earlier  Indications 
that  nltro  esters  and  ethyl  centrallte  have  a  stabilizing  Influence 
on  AIH3-I45I.  ■'^he  detrimental  effect  of  the  BDNPA  Is  as  yet 
unexplained . 

(C)  Some  of  the  moat  recently  Improved  AIH3-I451  aampJC'S  have 
also  undergone  some  compatibility  testing  In  Tallanl  test  apparatus 
with  propellant  Ingredients.  Figure  80  shows  the  relative  stability 
of  the  four  types  of  hydride  evaluated.  The  Improvement  In  compati¬ 
bility  achieved  with  magnesium -doped  hydride  Is  shown  In  Figure  8I. 

(C)  The  following  results  and  conclusions  were  obtained  from 
these  testa: 

(C)  (1)  Regardless  of  propellant  type,  significant  Im¬ 

provements  both  In  compatibility  and  stability 
were  observed  In  mixtures  containing  the  magne¬ 
sium-treated  hydride.  The  degree  of  Improvement 
In  propellant  stability  was  observed  to  correlate 
with  the  Increased  stability  of  the  neat  hydride. 

(C)  (11)  Surface  oxidation  of  aluminum  hydride,  whether 

magnesium -doped  or  not,  appeared  to  Improve 
stability  of  the  neat  AIH3-145I.  Surface- 
oxidized  material  took  roughly  24  to  JO  hours 
longer  to  reach  1^  decomposition  compared  to 
normal  hydride.  The  result  of  this  treatment 
Is  to  delay  the  Initiation  of  decomposition  of 
the  hydride. 

(C)  (ill)  Propellants  formulated  with  a  surface-oxidized 
sample  (02055)  and  a  magnesium -doped ,  surface- 
oxidized  sample  (5OO9)  exhlblted-a  degree  of 
impi’ovement  in  atability  over  that  formulated 
with  non -hydrolyzed  forms.  This  Improvement 
was  most  distinct  In  the  double  base  propellant 
system. 


(U)  A  large  amount  of  effort  was  directed  at  modification  of 
facilities  for  remote  formulation  and  surveillance  of  propellant 
during  the  first  part  of  the  year.  These  facilities,  with  a 
capability  of  remote  formulation,  mixing,  and  curlngj  as  well  as 
surveillance  of  twelve  samples  j*',  cJ'C.  and  twelve  samples  at  40"C., 
were  completed  In  July  and  aging  studies  Initiated. 

(U)  Figure  82  shows  a  picture  of  the  suirvelllance  bombs,  dis¬ 
assembled  and  assembled.  Into  which  are  placed  nearly  one -half  ' 
pound  of  propellant.  Next  to  these  vessels  are  the  l/'4-lb.,  2  In. 

X  3  In.  CIB  test  grain  and  an  80-gram  slab,  *'oth  of  which  are 
placed  Into  the  bomb  and  aged.  The  test  grain  1''  aged  In  place 
In  Its  motor  case. 
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'  0205b  IN 

HX73b  COMPOSITE 
FORMULATION 


02055 

ALONE 


7  S009  IN  HX  735 

'  COMPOSITE 
-  FORM’JLATION^- 


CON-iDENTlAL 


— 

jj^'^^SOOS 

ALONE 

(Magnesium  Doped) 


TIME  ,  hours 


(C)  Fis*  8l  -  Tdllanl  *,ata  Obtained  at  6o’C. 
c:i  the  Compatibility  and  Stability 
of  Magnesium -Doped  Aluminum  Hydride 
Alone  and  in  Formulations 
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(U)  Figure  83  Is  a  photograph  of  the  cubicle  where  the  units 
are  undergoing  aging  at  room  te:,iperatare .  The  conditioning  cabinet 
surrounding  the  twelve  borabp  is  controlled  to  25“C.  ±  1®C.  The 
bank  of  manometers  In  front  of  the  bombs  monitors  the  gasses 
developed  during  surveillance.  Careful  leak  checks  have  been  made 
on  these  units. 

(U)  Figure  84  shows  the  cubicle  and  heated  baths  Into  which 
the  bombs  are  placed  for  elevated  temperature  (40®C.  ±  1®C.)  aging. 
Very  small  diameter  stainless  steel  tubing  Interconnects  the  bomos 
In  these  baths  with  manometers  mounted  on  the  outside  cubicle  wall. 

(C)  During  the  past  year,  flx'teen  1/4-lb.  samples  of  double 
base  type  propellant  grain  werf  placed  on  test  In  the  surveillance 
equipment.  Six  samples  were  foinulated  and  are  being  tested  In  pairs, 
with  one  A1  metal  propellant  sample  being  prepared  with  each  AIH3- 
1451  sample.  Of  these  six  pairs,  three  are  being  studied  at  25*C . 
and  three  at  40®C.  In  addition,  two  1/4 -lb.  samples  of  propellant 
formulated  with  surface -hydrolyzed  AIH3-1451  have  been  placed  on 
teat,  one  at  25*C.  and  the  other  at  40*C.  Another  sample  has  been 
formu'iated  with  magnesium-doped  AIH3-I45I  and  Is  on  test  at  25"C. 

All  samples  are  under  an  argon  atmosphere.  Table  XXXI  lists  the 
samples  placed  on  teat.  The  propellant  formulation  used  Is  the  same 
as  that  given  In  Table  XXVII. 

(C)  Initially,  gassi  g  results  were  erratic,  with  a  negative 
pressure  change  observed  In  the  bombs  containing  an  argon  atmosphere. 
The  problem  was  traced  to  the  alow  diffusion  of  argon  through  a 
silicone  rubber  gasket  used  in  the  surveillance  bombs.  Metal  gaskets 
were  used  to  replace  the  rubber  and  the  samples  were  again  placed  on 
test.  This  did  not  Interfere  with  the  decomposition  calculations,  since 
the  slow  loss  of  argon  was  relatively  constant  In  many  of  the  bomba. 
Including  the  standard  A1  propellant,  allowing  a  standard  correction. 

(C)  The  pressure  generation  and  off-gas  analysis  data  have  been 
related  to  percent  decomposition  of  AIH3-I45I.  These  measured  decom¬ 
position  rates  at  25°C.  and  40‘'C.  are  shown  In  Figures  85  and  86, 
respectively.  The  calculated  values  for  percent  decomposition  were 
obtained  by  subtracting  the  moles  of  gas  generated  by  the  aluminum 
propellant  from  the  moles  of  gas  generated  by  the  AIH3-1451  propel¬ 
lant  and  then  assuming  the  remainder  to  be  all  hydrogen  generated 
from  the  decomposition  of  AIH3-I451.  A  check  on  the  validity  of 
this  assumption  was  made,  calcula ting  the  percent  decomposition 
directly  from  the  gas  analysis  data  by  use  of  the  mole  percent 
hydrogen  observed  and  the  Ideal  gas  law.  The  results  agree  very 
well,  suggesting  that  the  difference  In  pressure  does  represent 
hydrogen  and  not  some  other  gas  resulting  from  hydride  catalytic 
decomposition  of  the  other  Ingredients. 

(C)  The  decomposition  rates  observed  from  propellant  contaln- 
l.ng  surface -hydrolyzed  and  magnesium -doped  AIH3-1451  at  25'’C.  are 
presented  In  Figure  87.  The  surface-liydrolyzed  sample  of  AIH3-1451 
at  40®C.  Is  shown  In  Figure  88.  These  preliminary  results 
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C)  Pig.  85  -  Decomposition  of  Aluralnvun  Hydride -1451 
(Lot  02055)  In  Double  Base  Propellant  at  25’‘C. 
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(C)  Pig.  87  -  Deconiposltion  of  Aluminum  Hydride -1451 
(Magnesium -Doped  or  Surface  Hydrolyzed) 

In  Double  Base  Propellant  at  25°C. 
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(C)  Pig.  88  -  Decomposition  of  Aluminum  Hydrlde-l45l 
(Surface  Hydrolyzed)  In  Double  Base  Propellant  at  4o®C. 
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show  insufficient  deviation  from  the  standard  data  at  this  time  to 
predict  the  long-term  storage  stability  in  propellant  of  these 
special  hydride  samples. 

(C)  The  gas  analysis  data  accuimalated  from  the  surveillance 
samples  show  the  presence  of  H2,  N2,  02>  Ar,  CO2,  and  a  trace  of 
an  unidentified  species  of  mass  45.  The  data  indicate  a  slow 
generation  of  N2  and  O2,  probably  from  binder  decomposition  or 
desoprtlon  of  these  gases.  Carbon  dioxide  is  also  being  slowly 
generated.  It  has  been  noted  that  in  seven  out  of  eight  cases  a 
greater  amount  of  CO2  has  been  generated  from  the  AIH3-I451 
propellant  when  compared  with  the  standard  aluminum  propellant. 

A  comoarlson  of  the  amount  of  CO2  and  O2  generated  from  the  hydride 
and  alumln’om  propellants  is  shown  in  Table  XXXI.  No  trend  in  O2 
generation  from  the  hydride  or  aluminum  propellants  is  indicated. 
The  CO2  gas  generation  phenomenon  may  be  Important  in  detecting 
a  possible  slow  binder  decomposition  reaction  which  is  lnci*ea3ed 
by  the  presence  of  AIH3-I45I. 

(C)  Table  XXXII  presents  the  physical  property,  burning  rate, 
and  heat  of  explosion  data  obtained  from  the  surveillance  studies. 
The  heat  of  explosion  and  burning  rate  studies  have  been  hampered 
by  Incomplete  and  erratic  combustion  of  the  small  samples.  No 
trends  in  the  results  of  these  tests  can  be  seen  due  to  scatter  of 
the  data.  The  physical  pro'/erty  data  do  shew  some  effect  of 
propellant  age.  The  aluminum-containing  propellant  shows  no 
significant  change  in  tensile,  elongation,  or  hardness  properties 
with  age.  However,  the  A1H3-1451  containing  propellant  has  some¬ 
what  poorer  initial  properties  and  does  show  some  slight  hardening 
and  embrittlement  with  age.  No  change  in  density  of  the  propel¬ 
lant  was  observed  although  decomposition  of  the  AIH3-I45I  would 
have  reduced  the  density  nearly  20$^  of  theory  had  the  hydrogen 
been  trapped  in  the  grain.  This  indicates  that  H2  readily  diffuses 
through  the  propellant  grain  and  does  not  create  voids  in  the  cured 
propellant. 
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(C)  Chemical  analysis  studies  were  initiated  to  devise  separa¬ 
tion  and  analytical  methods  for  the  various  componerps  in  the  AIH3- 
1451  double  base  propellant  formulation.  The  primary  objective 
was  to  Isolate  and  recover  the  AIH3-I45I  from  the  fjrmulatlon  for 
subsequent  physical  and  chemical  evaluation.  A  complementaiTr 
objective  was  to  devise  analytical  methods  for  the  known  components 
of  the  double  base  formulation. 


(C)  The  formulation  was  extracted  with  a  number  of  different 
solvents.  Dry  acetone  was  found  to  be  the  most  promising  solvent 
for  readily  and  completely  dissolving  the  double  base  formulation. 
The  dry  acetone  did  not  appear  to  alter  the  AIH3-145I  to  any  extent. 


Work  by  M.  C.  Kelly  of  the  Analytical  Laboratory  of  The  Dow 
Chemical  Company. 
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(U)  Surveillance  Qaa  Analysis  Data  Comparl 
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Type  rf  Propellant  A1  A1  A1  1451  1451^  1451 
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“No  detectable  A1  by  X-ray  analysis. 
l^Incomplete  combustion  of  1451  propellant. 
°Experl mental  accuracy  prevents  Interpretation. 
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(C)  A  number  of  samples  from  the  same  double  base  formulation 
were  extracted  with  dry  acetone  to  determine  the  extracting 
efficiency.  The  weight  of  formulation  varied  from  0.1  to  0.5  g. 
After  a  three-hour  extraction,  the  residue  for  all  samples  consisted 
of  AiH3-l451  coated  with  a  material  Initially  believed  to  consist 
of  2-NDPA  plus  a  small  amount  of  nitrocellulose.  Further  study 
Indicates  that  the  2-NDPA  is  present  In  a  much  smaller  concentra¬ 
tion  than  previously  suspected.  Extraction  of  the  residue  with 
glacial  acetic  acid  readily  removes  the  coating  which  subsequently 
analyzes  less  than  0.001^  2-NDPA.  The  small  concentration  of 
2-NDPA  detected  Indicated  the  presence  of  another  Impurity. 

(C)  It  was  also  found  that  the  2-NDPA  la  more  soluble  In 
acetone  than  In  glacial  acetic  acid,  again  suggesting  that  the 
bulk  of  tne  coating  associated  with  the  residue  consisted  of 
another  substance. 

(C)  The  solubility  of  the  coaf.ng  In  glacial  acetic  acid  and 
the  resulting  color  plus  the  conditions  under  which  It  Is  formed 
are  Indicative  of  a  possible  oxide  of  nitrogen  being  present. 
Decomposition  of  nitroglycerine,  nitrocellulose,  and  TEQDN  would 
account  for  the  presence  of  NO2  and  NO.  The  confined  gases  In  the 
px-opellant  during  storage  could  easily  contact  and  react  with 
AIH3-I45I.  To  determine  the  presence  of  an  organic  nitrogen 
compound  or  the  presence  of  a  possible  oxide  of  nitrogen,  the 
tests  tabulated  In  Table  XXXIII  were  made.  Duplicate  samples  of 
freshly  prepared  AIH3-145I  double  base  propellant,  and  a  sample  of 
the  same  propellant  partly  cecompoaed  (0.05^  decomposition)  were 
extracted  with  acetone,  dried  and  analyzed.  Samples  1  and  2  are 
duplicate  samples  of  the  same  material.  Sample  5  represents  the 
partly  decomposed  sample. 


Table  XXXIII 


(CL 

Elemental 

Analysis 

of  Recovered 

Aluminum  Hydride 

-14|;31 

Sample 

No. 

5^C 

?:h 

Al 

1 

0.58 

0.10 

9.91 

88.2 

2 

0.52 

0.15 

9.90 

87.8' 

5 

0.15 

0.45 

9.90 

88.5 

Q 

Suspect  this  value  to  be  low. 


(C)  The  consistency  of  the  hydrogen  and  aluminum  concentrations 
Is  Indicative  that  the  concentration  of  AIH3-1451  has  not  been 
altered  and  la  fairly  uniform  between  samples. 
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(U)  Sample  No.  3  analyzes  one  third  as  much  carbon  and  three 
times  as  much  nitrogen.  If  the  nitrogen  Is  due  to  presence  of  an 
organic  cempound  such  as  2-NDPA,  the  carbon  and  hydrogen  should 
be  proportionately  higher.  The  only  explanation  for  the  results 
obtained  would  be  that  a  nitrogen-bearing  addend  Is  present.  Tbie 
most  logical  answer  would  be  an  oxide  of  nitrogen  since  such  an 
entity  Is  present  and  organic  nitrogen  compounds  are  ruled  out. 

(C)  The  AIH3-I45I  could  react  with  an  -ONO2  group  of  a  nitric 
acid  ester  or  with  the  NO2  or  NO  which  are  decomposition  products 
of  the  esters.  The  former  does  not  seem  likely,  since  a  solution 
of  double-base  propellant  In  Intimate  contact  with  the  AIH3-I451 
did  not  react.  However,  the  NO2  and  NO  gas  could  easily  contact 
the  A1JI3-1451  and  react.  This  discovery  Is  extremely  Interesting 
because  Independent  studies  have  shown  nitric  oxide  to  stabilize 
AIH3-1451.  Hence,  the  In  situ  sneface  treatment  of  the  hydride 
with  oxides  of  nitrogen  evolved  from  the  double-base  propellant 
may  be  a  contributing  factor  to  the  enhanced  stabilization  of  the 
hydride  sometimes  observed  In  this  environment.  If  the  AIH3- 
1^51  does  react  with  the  oxides  of  nitrogen  evolved  from  the  de¬ 
composition  of  Ihe  nitric  esters,  the  AIH3-I451  would  be  functioning 
as  a  stabilizer  for  the  esters  as  well. 

(U)  Analysis  of  the  various  components  present  In  the  acetone 
fllti’ate  can  be  accomplished  as  follows.  An  aliquot  of  the  acetone 
extract  Is  dried  and  then  extracted  with  methylene  chloi’lde  or 
acetic  acid.  The  residue  Is  then  washed  with  water  to  remove  water 
solubles.  The  washed  residue  Is  nitrocellulose.  The  nitrocellulose 
can  be  dried  In  a  vacuum  desiccator  and  calculated  on  a  gravimetric 
basis.  Alternatively,  the  nitrocellulose  can  be  analyzed  by  the 
ferrous  ammonium  sulfate  and  tltanous  chloride  system. 

(U)  TEGDN,  NG,  BDNPA  and  2-NDPA  can  be  extracted  with  formula 
30  alcohol  from  the  dried  acetone  extract.  The  four  are  electro- 
reducible  and  have  overlapping  polarographlc  waves  In  tetramethyl- 
ammonlura  chloride  electrolyte  It  Is  possible  to  determine  the 
BDNPA  by  hydrolyzing  the  TEGDN  and  NG  with  alkaline  sodium  hydroxide 
and  correcting  for  the  2-NpPA  which  can  be  found  Independently 
(visible  sp  ::ctrophotometry)  .  The  total  1©  before  hydrolysis  can 
be  used  to  calculate  the  su.11  of  the  TEGDN  and  NO.  The  TEGDN  and 
NG  may  be  separated  by  thin  layer  chromatography  or  by  using  a 
column  of  alumina. 

(U)  The  ammonium  perchlorate  can  be  determined  by  titrating 
the  NH4  by  the  caustic -formaldehyde  method.  The  perchlorate  can 
be  titrated  amperometrloally  with  tetraphenylstlbonlum  sulfate. 
Chloride  and  chlorate.  If  present,  do  not  Interfere  and  can  be 
analyzed  by  conventional  methods;  AgN03  and  spectrophotometry, 
respectively. 

(U)  Ethyl  centrallte  can  be  found  spectrophotometrlcally  in 
the  far  U.V. 
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(U)  Resorcinol  can  be  separated  by  thin  layer  chromatography 
and  analyzed  spectrophotometrlcally . 

(U)  Therefore,  the  quantitative  analysis  of  the  components  can 
be  achieved.  However,  additional  study  Is  necessary  determine 
solvent  systems  or  other  physical  separations  needf  isolate  the 

components  for  Individual  tests.  Standard  curves  •  ..pclmal  condi¬ 
tions  would  also  be  required  for  all  tests. 

F.  COMBUSTION  AND  DECOMPOSITION  KINETICS  OP  HYDRIDE  FUELS  (u) 

1.  General  Consideration  (U) 

(C )  The  purpose  of  this  work  Is  to  Identify  the  reactive 
Intermediates  and  end-products  of  beryllium  hydride  combustion  and 
decomposition  In  the  hope  of  eventual  development  of  combustion 
mechanisms  In  rocket  propellants.  In  order  to  minimize  hlgniy 
exploratory  work  with  toxic  beryllium  hydride,  preliminary  work 
was  conducted  with  aluminum  hydride  as  a  prototype. 

(C)  The  combustion  of  beryllium  hj'drlde  could  conceivably 
Involve  species  such  as  BeH,  BeH^,  and  BeOH  as  reactive  Inter¬ 
mediates.  Although  at  first  glance  one  would  eyoect  a  diatomic 
hydride  as  the  transient  species,  other  compounds  cannot  be  ruled 
out  on  purely  speculative  grounds.  In  addition  to  the  Intermediate 
reactants  In  the  combustion  of  the  hydride  propellants,  the 
ldentlfl«.;atlon  and  the  distribution  of  the  products,  as  well  as 
the  ata’ule  oxide,  play  an  Important  role  in  the  thermal  and  chemi¬ 
cal  make-up  of  the  exhaust  products. 

(U)  The  recent  work  of  Nelson  (15.  l6,  17)  and  others  has 
shown  the  technique  of  flash  heating  to  be  well -suited  to  the 
preparation  and  the  detection  of  short-lived  atomic  and  molecular 
species.  The  technique  Involves  the  heterogeneous  flash  heating 
of  small  grids  or  strips  suspended  In  an  absorption  cell  In  such 
a  manner  that  98^  to  995^  of  the  backbround  light  passes  through 
the  cell  before  entering  the  spectrograph  used  for  detection.  The 
grids  or  strips  are  efficiently  heated  by  absorption  of  an  Intense 
light  pulse  from  a  source  similar  In  design  and  operation  to  that 
employed  in  conventional  flash  photolysis  experiments. 

(C)  Nelson  and  Lungberg  (18)  have  estimated  that  temperatures 
of  5000‘’K.  can  be  approached  If  the  grid  materials  have  diameters- 
or  thicknesses  of  100  p  or  less.  The  short  flash  durations  and 
high  temperatures  reached  In  a  cell  allow  vigorous  thermal  reac¬ 
tions  to  occur,  such  as  vaporization  or  desorption  of  the  grid 
materials  themselves,  or  rapid  thermal  pyrolysis  of  any  material 
suspended  on  the  grid  or  strip.  The  cell  can  be  evacuated  or 
filled  with  any  gas,  and  a  study  made  of. the  reaction  between  the 
gas  and  grid  or  suspended  material.  In  this  manner,  the  combustion 
of  beryllium  hydride  can  be  studied  In  an  oxygen  and/or  nitrogen 
atmosphere,  and  the  thermal  pyrolysis  of  the  hydride  In  an  Inert 
gas  can  be  examined . 
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(U)  It  is  worthwhile  to  point  out  that  flash  heating  can  be 
used  in  a  manner  analogous  to  flash  photolysis  but  with  the  fol¬ 
lowing  important  exceptions: 

(i)  Flash  heating  utilizes  the  Infrared,  visible  and 
ultraviolet  region  of  the  flash  irradiation  to 
heat  the  grid.  Photochemical  reactions  use  only 
the  ultraviolet  and  are  Inherently  less  efficient. 

(li)  There  is  a  threshold  flash  energy  below  which  no 
reaction  occurs  due  to  flash  heating.  Thus,  the 
activation  energies  can  be  roughly  derived  from 
reaction  temperatures.  No  such  threshold  exists 
in  flash  photolysis. 

(ill)  Pyrolytic  processes  do  not  depend  upon  the  ab¬ 
sorption  coefficient  of  the  reactant.  Thus, 
weakly  or  non-absorbing  reactants  having  an 
electronic  spectra  will  not  interfere  with  those 
of  the  intermediate  being  studied. 

(C)  The  above  stated  properties  of  flash  heating  make  the 
method  very  amenable  to  the  study  of  the  combustion  of  hydride 
propellants . 

(U)  The  photochemical  process  recorded  on  the  spectrographic 
plate  is  that  of  absorption  of  the  source  of  background  light  by 
the  reactant  intermediate  formed  around  the  grids  or  strips  during 
flash  heating.  The  limitations  of  identification  of  reactant  inter¬ 
mediate  in  the  proposed- work  as  well  as  in  any  absorption  spectros¬ 
copy  are  due  to  two  causes: 

(  i.)  Insu/riclunf  concoriLratlon  of  reactive  species. 

(ii)  Overlap  of  the  spectra  of  more  than  one  Intermediate. 

(U)  Under  the  conditions  of  flash  heating  the  first  problem 
is  resolved.  The  second  pi'oblem  may  be  made  more  difficult  by  the 
proliferation  of  species  foimed  at  the  high  tem.peratures  possible 
in  flash  heating.  Time  resolved  spectroscopy  may,  however,  repre¬ 
sent  a  solution  to  this  difficulty.  The  time  resolution  will  ini¬ 
tially  be  of  the  order  of  microseconds,  but  in  some  extreme  cases, 
the  reactions  may  have  to  be  followed  for  a  number  of  seconds.  It 
is  possible  that  the  first  appearance  of  some  of  the  intermediates 
may  be  orders  of  magnitude  later  than  those  of  the  more  reactive 
species.  In  this  case,  it  may  be  feasible  to  detect  different 
species  at  different  intervals  after  the  initial  heating  flash. 

2.  Experimental  Approach  (U) 

(U)  The  various  components  of  the  flash  heating  apparatus,  as 
shown  in  Figure  89,  along  with  the  necessary  auxiliary  experiment 
will  be  described  in  some  detail. 
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a.  High  Voltage  Circuit  (U) 

(U)  A  high-voltage  circuit,  shown  In  Figure  90,  has  been 
designed  and  constructed.  The  high-voltage  capacitor  discharge  cir¬ 
cuit  la  coupled  to  an  Ignltron-actlvated  ci-owbar  circuit  be  wave¬ 
form  generators. 

(U)  It  has  been  found  that  a  faster  response  of  the  thyratron 
{6288)  Is  obtained  If  the  matching  Impedance  resistor  and  Its 
associated  capacitor  are  removed. 

(U)  The  function  of  the  Ignltron  (GL-7171)  Is  to  hold  off  the 
voltage  applied  to  the  capacitor.  In  a  sense,  one  has  two  spark 
gaps  In  aeries  (the  spectroscopic  lamp  and  the  Ignltron).  The 
purpose  of  the  circuit  in  the  upper  part  of  Figure  90  la  to  break 
down  the  spark  gap  of  the  Ignition  In  as  short  a  time  as  possible, 
l.e.,  aubmlcroaeccnda .  This  then  transfers  the  full  potential  across 
the  lamp  which  will  break  down  In  a  matter  of  microseconds,  pro¬ 
vided  the  potential  exceeds  the  hold -off  voltage  of  the  lamp.  One 
cause  of  misfires  In  the  spectroscopic  lamp  la  an  Incomplete  breaking 
down  of  the  Ignltron  caused  by  too  rapid  a* dissipation  of  the 
potential  on  the  2  microfarad  capacitor  across  the  pulse  transformer 
between  the  capacitor  and  the  Ignltron.  A  new  pulse  transformer  was 
constructed  of  12  turns  of  RG-58A/tJ  coaxial  cable  wrapped  on  two 
C-shaped  cores  of  high  permeability  Iron  obtained  from* Arnold 
Engineering  Company,  Marengo,  Illinois.  This  transformer  now 
delivers  a  1700  volt  pulse  for  3  to  4  microseconds  causing  suffi¬ 
cient  Ionization  to  break  down  the  ignltron  In  0.5  microseconds. 

(U)  Another  cause  of  misfires  In  the  spectroscopic  lamp  la 
the  relatively  high  resistance  (<0.2  ohms)  of  the  leads  between  the 
lamp  and  ground.  The  B  4  S  gauge  No.  12  wire  has  been  replaced  by 
B  4  S  gauge  No.  4  cable  between  the  lamp  and  ground.  The  resistance 
of  the  flashing  lamp  la  about  0.3  ohms.  The  current  In  the  lamp 
Is  a  direct  function  of  the  lamp  resistance  and  an  Inverse  function 
of  the  total  resistance.  Hence,  the  total  resistance  should  be 
as  small  as  practical.  The  resistance  of  the  No.  4  cable  is  0.0C025 
ohma/ft.  as  compared  to  O.CCI6  oiuiia/ft.  for  No.  12  wire. 

b.  Spectrograph  (U) 

(U)  The  McPherson  Model  2l6  spectrograph  has  been  Installed 
and  calibrated.  The  linear  dispersion  of  the  grating  has  been 
found  to  b3  7.75  "k/rm.  A  spread  of  about  1600  A  per  exposure  In 
the  first  order  has  been  recorded.  The  dispersion  of  the  Instrument 
from  2200  A  (air  cut-off)  to  60OO  A  has-been  calibrated.  The  resolu¬ 
tion  la  sufficient  that  two  lines  0.28  A  apart  have  been  observed. 

The  spectroscopic  lamp  provides  sufficient  radiation  to  record  ab¬ 
sorption  In  the  range  2200-6000  A. 

c .  Dry  Box  (U) 

(U)  A  small  two-glove  dry  box  has  been  renovated  and  installed. 
The  circulation  system  of  the  dry  box  contains  an  absolute  filter  on 
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(U)  Pig.  90  -  Electronic  Circuitry  of  the  Plash  Heating  Apparatus 
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the  exit  side  to  keep  combustion  products  from  contaminating  the 
air  In  the  laboratory.  The  dry  box  proper  and  Interchange  can  be 
purged  separately.  The  absolute  pressure  In  the  dry  box  Is  slightly 
less  than  atmospheric,  which  will  allow  the  atmosph''re  to  leak  Into 
the  contaminated  dry  box  In  the  event  of  a  slow  leak. 

d.  Reaction  Box  (U) 

(U)  A  steel  box,  2'  x  3'  x  2',  with  a  quartz  window  has  been 
fabricated  to  house  the  flash  heating  apparatus.  The  function  of 
the  box  Is  to  contain  the  propellant  sample  In  the  event  of  an  ex¬ 
plosion  of  the  glass  apparatus.  Two  2-lnch  holes  have  been  cut 
Into  the  bottom  of  the  box  on  a  diagonal  to  serve  as  connections 
to  a  50  CFM  recirculating  fan  and  an  absolute  filter.  The  flow  of 
air  Is  downward  Into  one  orifice,  which  Is  directly  under  the  flash 
heating  apparatus,  and  upward  from  the  other.  The  reaction  box 
table  also  serves  to  hold  the  high-voltage  capacitors  for  the  flash 
and  spectroscopic  lamps  In  addition  to  supporting  the  recirculating 
fan  and  absolute  filter.  All  of  the  high-voltage  circuit  Is  con¬ 
tained  either  on  the  shelf  of  the  table  or  Is  terminated  by  the 
flash  lamps  In  the  steel  box. 

_ Ordeal  Train  (U) 

(U)  The  optical  train,  shown  In  Figure  91 <  consists  of  the 
following  lettered  parts:  A,  quartz  spectroscopic  lamp  filled  with 
5  mm.  airgonj  B,  collimator  section;  C,  reaction  cell. 

(U)  A  slx-lnch  focal  length  quartz  lens  mounted  In  a  soft  Iron 
shell  Is  fitted  Into  the  collimator  section.  Another  lens  Is  placed 
between  the  reaction  cell  and  the  spectrograph.  The  lens  In  the  col¬ 
limator  section  Is  used  to  render  the  light  from  the  spectroscopic 
lamp  parallel  before  It  traverses  the  reaction  cell.  The  quartz 
lens  between  the  reaction  cell  and  the  spectrograph  condenses  the 
light  coming  from  the  reaction  cell  and  brings  It  to  a  focus  on  the 
entrance  slit  of  the  spectrograph. 

(u)  Tile  reaction  cell  is  in  two  parts,  joined  by  an  0-ring 
seal.  The  seal  and  windows  at  each  end  of  the  cell  allow  the  cell 
to  be  evacuated.  The  quartz  strip  holders  have  been  constructed 
and  have,  been  fused  to  hold  0.8"  x  O.l"  x  0.001"  graphite  strips. 

The  flash  lamp  Is  placed  around  the  cell  between  the  stopcock  and 
the  tapered  Joint.  The  flash  lamp  Is  a  4-1/2  turn  helix  of  10  mm. 

ID  quartz  tubing.  The  electrodes  In  It  and  also  In  the  spectro¬ 
scopic  lamp  are  l/8  Inch  tungsten  rods.  The  electrodes  are  held 
In  the  lamps  by  epoxy  cement.  The  three  parts  of  the  optical  train 
are  nested  together  by  tapered  Joints  along  a  common  line  of  center. 
This  facilitates  the  alignment  of  the  train  with  the  spectrograph. 

3.  Experimental  Results  (U) 

(C)  The  flash  heating  apparatus  was  first  used  to  study  the 
vacuum  decomposition  of  aluminum  hydrlde-l45l.  Subsequently,  the 
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apparatus  has  been  used  to  study  the  decomposition  of  berylliiM 
hydride  in  a  vacuum  or  nitrogen  atmosphere.  Additional  studies 
involved  the  decomposition  of  beryllium  hydride  in  atmospheres  of 
oxygen,  carbon  monoxide,  and  chlorine. 


a.  Decomposition  of  Aluminum  Hydride -1451 


(C)  The  thermodynamic  quantities  necessary  for  a  discussion 
of  the  decomposition  of  aluminum  hvdride-ll51  are  given  in  Table 


XXXIV. 


Table  XXXIV 

Heats  of  Formation  of  Aluminum-Hydrogen  Compounds 


AHf,  kcal./mole 


Compound  AHf,  kcal./mole  _ References _ 

AIH3  -3  Dow  Thermal  Laboratory 

AIH2  +3^  R*  V.  Petrella  (est.) 

AlH  +62  JANAP  Thermochemical  Tables 

H  +5?  JANAP  Thermochemical  Tables 

Ha  0  JANAP  Thermochemical  Tables 

(C)  Two  probable  primary  decomposition  routes  under  flash 
pyrolytic  conditions  for  AIH3-145I  are: 


AIH3  4.  ho  AlH  +  Ha 
AIH3  +  hu  -4  AlHa  +  H 


AHj.  =  +65  kcal.  ,(la) 

AH^  »  +89  kcal.  (lb) 


(C)  The  existence  of  AlH  and  Ha  in  the  flash  decomposition  of 
AIH3-1451  in  a  vacuum  has  been  verified,  as  seen  in  Figure  92.  The 
existence  of  AlHa  cannot  presently  be  ruled  out  completely,  as  a 
known  spectrum  has  not  been  reported  for  this  specleA  in  the  litera¬ 
ture.  Thermodynamic  consideration  would  favor  reaction  (la)  over 
(lb)  as  the  primary  step  in  the  decomposition  of  AIH3-1451. 


(C)  Subsequent  steps  in  the  reaction  scheme  may  be; 


AlHa 

-(■ 

AlHa 

-4  AIH3 

+  AlH 

AHp  - 

-9 

kcal . 

(2) 

AlHa 

+ 

H  -4 

AlH  + 

Ka 

AHj.  - 

-24 

kcal. 

(3) 

AIH3 

+ 

H  -»• 

AlHa  + 

Ha 

AHr  » 

-15 

kcal. 

(M 

(U)  The  high  radical  concentration  around  the  grids  in  adia¬ 
batic  flash  heating  is  conducive  to  radical-radical  reaction.  This 
is  in  corttrast  to  the  situation  in  flash  photolysis.  In  the  latter, 
the  reactants  are  highly  diluted  with  an  inert  gas,  leading  to  bi- 
molecular  collisions  with  the  diluent  and  subsequent  reduction  of 
radical -radical  reactions. 
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(C)  Pig.  92  -  Spectnun  of  Aluminum 
Hydride  after  Plashing 


(C)  On  a  thermodynamic  basis  It  can  be  shown  that  reaction  (l.b. 
will  be  Immediately  followed  by  reaction  (5)  In  preference  to  reac¬ 
tion  (2)  or  (4),  assuming  that  most  of  the  alimilnum  hydride  present 
In  the  gas  phase  has  already  been  decaaposed  by  reaction  (l.a.)  or 
(l.L'.). 


(C)  Both  reactions  (l.a.)  and  (l.b.),  followed  by  reaction  (2) 
and/or  (3),  lead  to  the  Intemedlate  AlH  and  Ha  as  reaction  products. 
The  final  reaction  products  are,  of  course,  A1  and  Ha.  One  route 
to  their  formation  from  AlH  la: 


2  AlH  2  A1  +  Ha 


AH  =  -124  kcal. 
r 


Aluminum  metal  has  been  Identified  In  the  residue  from  the  flash 
heating  experiments. 


b.  Decomposition  of 


(C)  The  pyrolytic  decomposition  of  beryllium  hydride  was 
studied  at  a  temperature  of  2477  ±  20°K.  as  determined  from  the 
Intensity  of  four  Iron  lines. 


(C)  The  dry  berj-lllum  hydride  was  observed  to  hive  an  electro¬ 
static  charge  which  originally  made  It  difficult  ov'  place  the  hy¬ 
dride  on  the  graphite  strips.  This  difficulty  was  overcome  by 
first  coating  the  strips  with  a  small  amount  of  Aplezon  "M"  stop¬ 
cock  grease  dissolved  In  benzene. 


(C)  Adequate  spectral  data  were  obtained  when  the  material  was 
subjected  to  a  flash  of  I5OO  Joules  (10  KV  x  30  ufd.).  The  beiyl- 

jmo  f’mir.H  4-n  Aanrmr^nao.  +•«  PoU  PoU+  ar\A  W_  mho 

....w  — I--— » 

ucts  were  the  same  In  a  nitrogen  atmosphere  as  In  a  vacuum.  Pressure 
broadening  In  the  Inert  nitrogen  made  some  of  the  lines  difficult 
to  read. 


(C)  Two  distinct  regions  of  absorption  were  detected  In  the  de¬ 
composition  of  beryllium  hydride.  One  was  In  the  blue-green  region 
around  5000  A,  the  other  In  the  ultraviolet  at  about  3000  A.  Thu 
upper  wavelength  region  corresponds  to  0-0  bond  of  the  2j;  -►  2 
transition  of  BeH.  The  observed  lines  and  their  rotational  fine 
structure  are  shown  In  Thble  XXXV.  The  rotational  transition  Is 
unresolved  doubles.  The  values  are  given  In  half  quantum  values 
to  conform  to  the  literature  reference  of  Watson  (19). 


(C)  The  lower  absorption  region  corresponds  to  the  0-1,  0-3, 
1-3,  and  1-4  bands  of  the  'S  system  of  BeH^.  The  observed 

bands  and  their  rotational  assignments  are  shown  in  Table  XXXVI. 
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Table  XXXV 

(C)  Observed  Rotational  Band  for  0-0  Transition 


if  BeH  in 

Absorption  at 

2^77  ±  20" 

R(Jk).  a 

p(Jk),  ' 

1 

1/2 

4987.4 

2 

1/2 

. 

4997.5 

3 

1/2 

4975.0 

5003.7 

4 

1/2 

5008.4 

5 

1/2^ 

5013.8 

6 

1/2 

7 

1/2 

5020.0 

8 

1/2 

5027.7 

9 

1/2 

10 

1/2 

5037.0 

11 

1/2 

5039.2 

12 

1/2 

5041.7 

13 

1/2 

5046,9 

14 

1/2 

15 

1/2 

16 

1/2 

17 

1/2 

18 

1/2 

5064.2 

19 

1/2 

20 

1/2 

21 

1/2 

22 

i/2 

23 

1/2 

24 

1/2 

5081.2 

25 

1/2 

4862.5 

26 

1/2 

27 

1/2 

28 

1/2 

5089.7 

^Each  line  is  an  unresolved  doublet 
This  R(Jk)  for  Jk  =  1/2  corresponds  to 
J  transition  of  0-1  and  0-2. 

'’Q(Jk).  ^  Is  4992.1. 
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Tbble  XXXVI 


1/2 

1/2 

2  1/2  2885.8 

3  1/2 

k  1/2 

3051.9 

5  1/2 

6  1/2 

3059.6 

7  1/2 

3044.7 

3065.0 

8  1/2 

3068.9 

2940.1 

9  1/2 

3075.1 

10  1/2  27't5.6 

11  1/2  2751.8 

12  1/2 

13  1/2 

3087.5 

Ik  1/2 

3071.2 

15  1/2 

3077.4 

16  1/2 

299^.4 

17  1/2 

18  1/2 

19  1/2 

3021.6 

20  1/2 

2983.5 

21  1/2 

22  1/2 

3000.6 

23  1/2 

3065.0 

24  1/2 

25  1/2  2834.7 

26  1/2 

3038.7 

3067.5 

27  l/2  2912.2 

28  1/2 

30’*8.8 

29  1/2 

30  1/2  2955.6 

3059.6 

‘Angstrom  Itaits. 
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(C)  The  Inherent  electronic  Instability  of  the  BeH  molecule 
at  BSOD’K.  causes  it  to  lose  an  electron  and  degrade  into  the 
charged  BeH+  species.  An  analysis  of  this  system  has  been  carried 
out  by  Watson  and  Humphreys  (20).  The  pyrolytic  decomposition  of 
BeH2  can  be  visualized  as  proceeding  by  the  Initial  step: 

BeH2  BeH  +  H  (6) 

(C)  The  subsequent  steps  are  the  radical  reactions: 

BeH  +  BeK  ■*  2  Be  +  H2  (7) 

and 

BeH  ->■  H  ■*  Be  +  H2  '  (8) 

The  BeH"*"  la  fonned  by  the  reaction: 

BeH2  BeH"^  +  H  t-  e  (9) 

and  also  to  a  greater  extent  by  the  reaction: 

BeH  BeK"^  +  e  (10) 

(C)  This  conclusion  was  reached  by  an  analysis  of  the  time 
dependency  of  each  species.  The  BeH  disappeared  at  a  faster  rate 
than  did  the  BeH"*"  with  no  apparent  Increase  In  the  rate  of  produc¬ 
tion  of  hydrogen.  Analysis  time  ranged  between  7.5  and  200  micro¬ 
seconds  after  Initial  heating. 

(C)  All  subsequent  reactions  reported  have  shown  only  BeH_., 
as  a  reactant,  although  BeH*’  Is  the  ev^r-present  companion  reac¬ 
tant  . 

'Dip  nflmflT’V  pf*f*pr»t*  r»f*  t*ho  n^  4*T»on.pn  waa  aMr>r.T.oaa  ^ 

radical  reaction.  Colllslonal  deactivation  was  Increased  propor¬ 
tionately  as  the  pressure  of  the  nitrogen  was  Increased  from  10  to 
700  mm. 

c.  Beryllium  Hydride -Oxygen  System 

(C)  Plash  pyrolytic  reactions  of  beryllium  hydride  were  carried 
out  in  oxygen  In  the  pressure  range  of  0-15  mm.  oxygen.  The  analysis 
time  ranged  from  17*5  to  100  microseconds  after  the  heating  flash. 

The  reaction  temperature  was  calculated  to  be  2495  +  50°K.  The  pre¬ 
dominant  species  seen  In  the  reaction  were  BeH,  BeH^,  O2,  O3,  OH, 
and  BeO. 

(C)  The  ozone  can  be  visualized  as  arising  from  the  flash 
photolysis  of  oxygen.  The  OH  and  BeO  are  products  of  the  oxidation 
of  the  hydride.  The  proposed  mechanism  for  the  reaction  of  BeH2 
with  oxygen  Is: 
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Be  Ha 

hv 

-> 

BeH 

+ 

H 

(6) 

BeH  + 

O2 

-► 

BeO 

+ 

OH 

(11; 

BeH  + 

OH 

BeO 

-t- 

Hz 

(12) 

BeH  + 

0 

-► 

BeO 

+ 

H 

(13) 

O2  + 

H 

-► 

OH 

+ 

0 

(14) 

Steps  (11),  (13),  and  (l4)  are  chain  propagation  steps  as  far  as 
the  oxygen  Is  concerned.  The  species  Beff*"  seems  to  be  less  reac¬ 
tive  than  BeH.  In  an  actual  motor  firing,  this  species  may  not 
react  In  the  combustion  chamber  but  In  the  exit  gas  stream, de¬ 
priving  the  motor  of  the  enthalpy  of  Steps  (11),  (12),  and  {1^) 
causing  low  motor  efficiencies.  Spectroscopic  studies  of  an  actual 
motor  firing  would  validate  this  supposition, 

d.  Beryllluin  Hydride  -  Carbon  Monoxide  System  (C ) 

(C )  Great  amounts  of  carbon  monoxide  are  formed  by  the  combus¬ 
tion  of  solid  binders,  suggesting  a  reaction  between  the  carbon 
monoxide  and  beryllium  hydride  fuel.  To  determine  the  extent  of 
this  reaction,  beryllium  hydride  was  flash  pyrolyzed  In  150  ram.  of 
carbon  monoxide.  The  analysis  was  carried  out  100  microseconds 
after  the  Initial  heating  flash. 

(C)  The  only  products  seen  were  CO,  BeO,  CH'*’,  and  CH.  A 
tentative  reaction  scheme  following  Step  (6)  Is: 


BeH  + 

CO 

-*•  BeO  +  CH 

(15) 

H  + 

CO 

-►  CH  H-  0 

(16) 

BeH  + 

0 

-*•  BeO  +  H 

(17) 

CH  - 

-hv 

■>  CH"^  H-  e 

(18) 

e.  Beryllium  Hydride  -  Chlorine  System  (C ) 

(C)  One  of  the  products  from  the  pyrolysis  of  AP  and  NP  Is 
chlorine.  It  seemed  prudent,  therefore,  to  study  the  reaction 
between  beryllium  hydride  and  chlorine.  This  study  was  undertaken 
as  a  preliminary  step  before  studying  the  ternary  system  beryllium 
hydride  -  chlorine  -  oxygen.  This  latter  system  offers  some  Inter¬ 
esting  alternatives.  The  toxicity  problem  would  be  greatly  com¬ 
pounded  If  beryllium  hydride  reacted  preferentially  with  chlorine 
to  form  beryllium  chloride  rather  than  with  oxygen  to  form  the 
potentially  non-toxic  BeO.  Additionally,  the  efficiency  of  the 
engine  would  be  Impaired  If  Bed  or  Beds  were  an  Intermediate 
product  even  If  only  for  a  relatively  short  duration  (O.l  -  1.0 
seconds ) . 
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^  (C)  The  main  products  seen  from  our  study  are  Cla,  Cl2^»  and 
Cl"^.  A  few  bands  corresponding  to  BeCl  are  observed,  as  Is  one 
Intense  band  which  we  have  assigned  to  BeO.  This  latter  band  Is 
believed  to  be  due  to  a  reaction  between  the  gaseous  BeH  and  some 
O2  which  was  adsorbed  on  the  cell  walls.  If  this  Is  true,  the 
Implication  Is  that  BeH  would  preferentially  react  with  O2  (or  0) 
rather  than  with  CI2  (or  Cl).  This  problem  will  be  clarified 
when  the  ternary  system  Is  studied. 
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SECTION  IV 

(U)  OXIDIZER  SYNTHESIS 

Work  by:  D.  A.  Rausch,  R.  D.  Daniels,  H.  E.  Doorenbos,  J.  P.  Plynn, 
K.  0.  Groves,  C.  I.  Merrill,  and  J.  3.  Skelcey. 

(C)  During  the  past  year,  the  effort  In  oxidizer  synthesis  has 
been  concentrated  on  the  study  of  the  preparation  and  properties  of 
compounds  containing  the  trla(dlfluoroamlno)methyl  group. 

(C )  The  major  objective  was  the  preparation  of  Ionic  -C(NP2)3 
compounds  using  nucleophilic  displacement  techniques,  c.g.,  to  dis¬ 
place  Br  from  trls-Br.  With  this  approach, ^It  was  thought  possible 
to  prepare  such  target  compounds  as  (P2N)3C  C~(N02)3,  (P2N)3C'^C104”, 
and  (P2N)3C+C1P4" .  A  secondary  objective  Involved  the  preparation 
of  HC(NP2)3  from  HC(NC0)3  by  fluorlnatlon. 

(U)  The  role  of  the  Impurities  In  the  sensitivity  of  NP  com- 
poLinds  was  determined  during  this  past  year.  The  compounds  studied 
Included  PPG,  Delta,  R,  H,  trls -bromide,  and  trls-azlde. 

(U)  The  preparation  o'  Inorganic  compounds  containing  no  fuel 
atim  such  as  carbon  was  also  explored  to  obtain  oxidizers  having 
decreased  sensitivity. 

A.  PREPARATION  OP  NP  COMPOUNDS  (U) 

(U)  The  primary  object  of  the  gram-scale  preparation  of  NP 
compounds  was  to  supply  research  quantities  of  these  materials  for 
reaction  studies  In  the  laboratory.  Compounds  produced  this  year 
include:  PPG,  trls-Cl,  trls-Br,  trls-I,  trls-A,  and  trls-fluoro- 
sulfonate. 

(C)  Perfluoroguanldlne -was  prepared  by  the  aqueous  fJuorlna- 
tlon  of  guanidine  hydro fluoride.  Standard  operating  conditions  and 
procedures  were  used.  Yields  averaged  12-155^,  based  on  the  consumed 
fluorine.  The  total  recovery  of  95+^  pure  PPG  was  approximately 
750  grama.  Only  six  of  fifty  runs  were  terminated  by  explosions, 
five  of  which  occurred  during  purification  and  transfer. 

(U)  During  tne  past  year,  a  process  was  developed  for  the 
preparation  of  trls -bromide.  This  process  Involved  the  reaction  of 
equimolar  amounts  of  PPG  and  HBr  at  -70“C.  for  l6  hours,  followed  oy 
the  direct  fluorlnatJ^n  of  the  adduct  at  -60'*C.  The  trls-bromlde  was 
Isolated  by  gas  chronatography .  Yields  have  been  as  high  as  625^ 
based  on  PPG.  Sulfur  dioxide  was  used  as  the  solvent  for  both  adduct 
formation  and  fluorlnatlon,  eliminating  the  stripping  operation  for¬ 
merly  done  before  fluorlnatlon.  Sulfur  dioxide  la  satisfactory  as  a 
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solvent  for  low  temperature  f luorlnatlons .  At  slightly  higher 
temperatures  some  SO2F2  was  formed.  At  least  five  moles  of  SO2 
were  required  during  adduct  formation  for  lOOJf  utilization  of  PFQ. 

(C)  Some  effort  was  made  to  optimize  the  amount  of  HBr  charged, 
and  the  use  of  excess  HBr,  up  to  100%,  was  Investigated.  Increasing 
the  excess  resulted  In  the  foraiatlon  of  larger  amounts  of  the  prin¬ 
cipal  by-product,  bromoperfluoroformamldlne,  BrC(=NF)NF2,  but  results 
Indicated  that  the  yield  of  trls-bromlde  did  not  change.  Because 
only  trls-bromlde  was  desired,  a  1:1  ratio  of  PPG  and  HBr  was  used, 
since  the  reaction  was  cleaner  (fewer  by-products)  and  chromato¬ 
graphic  separations  were  easier.  Another  by-product,  sulfurylbromo- 
fluorlde,  S02FBr,  was  also  obtained  when  an  excess  of  HBr  was  used 
and  when  the  adduct  was  allowed  to  stand  for  more  than  24  hours.  If 
either  of  these  conditions  were  not  met,  S02FBr  was  not  formed,  Sul- 
f Irylbromof luorlde  contaminated  the  trls-bromlde  fraction,  but  could 
easily  be  removed  by  allowing  the  mixture  to  stand  In  glass  at  room 
temperature,  at  which  time  the  S02PBr  was  decomposed  to  SIP4,  SO2, 
and  Br2 .  These  could  readily  be  separated  chromatographlcally . 

(U)  Reaction  and  fluorlnatlon  conditions  were  studied  exten¬ 
sively  In  the  laboratory;  therefore,  a  minimum  amount  of  study  was 
carried  out  In  the  gram-scale  unit.  However,  since  the  method  of 
fluorlratlon  was  different,  the  first  pararaeter  evaluated  was  the 
fluorlnatlon  time,  tjaing  a  2:1  mixture  of  fluorine  to  nitrogen  and 
a  total  flow  rate  of  125  ml ./min.,  the  fluorlnatlon  time  was  varied 
from  60  minutes  (200%  excess  F2)  to  120  minutes  using  the  same  flow 
rate.  Incomplete  fluorlnatlon  was  noted  at  both  60  and  90  minutes 
as  shown  by  the  presence  of  PPG  and  Br2  In  the  product.  Pluorlna- 
tlon  was  complete,  however,  after  120  minutes. 

(U)  The  results  In  the  preparation  of  trls-bromlde  on  the  gram- 
scale  have  been  comparable  to  those  obtained  In  the  laboratory  with 
yields  of  40-45%  (3. 5-4.0  g./run)  based  on  PPG.  The  yield  of  trls- 
bromlde  In  the  Initial  run  was  comparatively  low  (12%);  however,  a 
slgnlflcartt  quantity  of  the  by-product,  bromoperfluoroformamldlne, 
was • recovered .  In  subsequent  runs,  the  ratio  of  trls-bromlde  to 
by-product  on  a  weight  basis  was  approximately  7’*1. 

(C)  Several  attempts  were  made  to  prepare  trls-H,  IC)NP2)3, 
by  the  following  set  of  reactions: 

H:(NHCH0)3  HC(NH-C0Cx)e  (1) 

HC(NH-C0C1)3  — >  HC(N=C=0)3  (2) 

HC(N-C=0)3  HC(NP2)3  (3) 

NaP 

(U)  It  was  found  that  the  above  reactions  did  not  take  place, 
however,  since  polymerization  occurred  In  Step  2.  This  was  Indi¬ 
cated  by  the  evolution  of  CO2  and  the  formation  r.f  a  white  gum-llke 
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material.  Pluorlnatlon  of  the  chlorinated  product  formed  C0P2, 
SIP4,  and  NP2C1,  along  with  an  unknown  CP-contalnlng  compound. 

This  line  of  Investigation  was  teminated. 

(C)  The  following  alternate  set  of  reactions  for  the  possible 
synthesis  of  trls-H  was  also  explored: 


HC-HOAc 


1- 


HC  +  HNCO 


NP2 

HC-N-C-0 


NP2 

HC-N-C-0 


HC(NP2); 


(u)  VThen  Step  4  above  was  carried  out,  the  desired  product  was 
not  obtained,  but  Instead  a  product,  HC(P)(NP2)2,  was  formed  In 
approximately  705^  yields.  This  compound  has  been  previously  re¬ 
ported  by  the  Minnesota  Mining  and  Manufacturing  Company  (2l)»  Since 
the  desired  product  was  not  obtained,  the  work  was  terminated. 

(C)  The  various  PPO-acld  adducts  were  made  In  a  single  reactor 
train,  designed  to  facilitate  both  the  adduction  and  fluorlnatlon 
steps.  The  processes  for  these  compounds  are  similar,  except  for 
reaction  conditions,  and  have  been  discussed  In  previous  reports. 
Most  of  these  materials  were  produced  at  reaction  conditions  delin¬ 
eated  In  the  laboratory.  Yields  In  most  processes  were  comparable 
to  those  reported  In  the  laboratory.  The  results  of  those  runs  are 
summarized  In  Table  XXXVII.  The  explosions  were  random  and  could 
not  be  related  to  any  particular  operation. 

Table  XXXVII 


Summary  of  PFG-Adduct  Reactions 


trls (Dlf luoroamlno ) - 
methyl  Compounds 

Chloride 

Bromide 

Isocyanate 

Amine 

Plucrosulfonate 


Number 
of  Runs 


Number  of 
Explosions 


Product,  Yield, 


30-40 

40-50 

15-25 

80 
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B.  REACTIONS  OF  NF  COMPOUNDS  (U) 

(U)  In  order  to  maximize  the  efforts  on  the  preparation  of 
stable  solid  oxidizers  with  decreased  sensitivity,  there  has  been 
a  minimum  amount  of  work  on  the  fluorlnatlon  of  organic  compounds. 
Most  of  the  work,  therefore,  has  used  known  and  available  trls- 
compounds  as  starting  materials  with  the  aim  of  converting  these 
Into  stable  solids. 

(C)  Many  reactions  were  carried  out  In  attempts  to  prepare 
Ionic  compounds  containing  the  -C(NF2)3  groups.  Among  these  have 
been  reactions  with  PPG  reactions  with  other  trls -compounds  and 
miscellaneous  reactions  , 

(U)  In  the  case  of  PPG,  many  attempts  were  made  to  oxidize  PPG 
using  such  reagents  as  pemanganyl  fluoride  as  osmium  tetroxlde. 
Adduct  formations  were  attempted  through  the  use  of  oximes,  amines, 
sllanols,  formic  acid  and  water.  The  reactions  of  trls -compounds 
Included  reactions  with  trls-bromlde,  trls -chloride,  trls-fluoro- 
sulfonate,  and  trls -Isocyanate . 

(U)  Perhaps  the  two  most  Important  studies  conducted  during 
the  past  year  Involved  the  reaction  of  oximes  with  trls-bromlde  and 
the  reaction  of  trls -Isocyanate  with  nltrofom.  In  the  latter  case, 
a  stable  adduct  has  been  formed  and  characterized.  The  impact  sen¬ 
sitivity  of  this  oonipound  appears  tu  be  subs  Ldniiully  lower  than 
that  of  nitroglycerine. 

1.  Reactions  of  trls-Compounds  (U) 

a.  Reactions  of  trls -Isocyanate  (U) 

(U)  Trls -I  reacts  In  a  normal  manner  with  alcohls  and  com¬ 
pounds  containing  enollzable  hydrogens.  Since  nltroform  contains 
an  acidic  proton.  It  was  felt  that  the  product  from  the  reaction 
of  trls-I  and  nltroform  should  be  an  excellent  oxidizer. 

(C)  Trls-I  reacted  with  nltroform  to  give  a  liquid  product, 

H  HO 

(P2N)3C-N-C-C(N0z)3  and/or  (P2N)3C-N-C -0-A=C  (NO2  )z  .  The  reaction 

0  0 

was  carried  out  In  the  presence  of  dry  ether  at  25'’C.  for  50  hours. 
The  product,  which  formed  In  quite  good  yields  with  little  decom¬ 
position,  was  characterized  by  Infrared,  mass,  and  NMR  spectroscopy. 
An  Infrared  spectrum  of  the  product  Is  shown  In  Figure  95.  and  Its 
properties  are  seen  In  Table  XXXVIII.  The  product  Is  a  thick,  dark 
yellow,  liquid,  and  soluble  in  ether,  alcohols,  carbon  tetrachloride 
and  chloroform. 

(C)  Impact  sensitivity  tests  on  Impure  samples  of  this  product 
have  been  obtained  using  a'n  Olln  Mathleson  test  apparatus.  Under 
these  conditions,  the  50^6  fire  level  appears  to  be  around  8  cm. 
using  a  2 -kg.  wt.  This  comperes  with  a  5056  fire  level  of  DEGDN  at 
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Table  XXXVIII 


(C) 


H 

Properties  of  (P2N) aC-N-C-CCNOa) a  or 

II 

_ 0 


H  0 

(P2N) 3C-N-C-0-N-C(N02)2 

It 

_  0 


Appearance:  Yellow  to  amber,  viscous  liquid. 

B.  P.  (est.)  :  >150‘’C. 

P^®  NMR  Spectrvim:  Single  broad  peaks  at  -26.92  0  and  -27.18  0  in 

ratio  of  85:15  (probably  due  to  the  two  isomers). 


Mass  Spectrum: 


Mass  Number 

211 

201 

±7Q 

168 

Rel.  Intensity 

2.6 

16.3 

14.9 

7.8 

Assignment 

(P2N) aCNHCO 

(P2N)2CNHCCN02 

C0C(N02) 

3  C(NP2)3 

Mass  Number 

158 

140 

132 

107 

Rel.  Intensity 

100 

9.6 

224 

8.0 

Assignment 

(P2N)3CNC0 

P2NCNPN'*.iCC 

C0C(N02) 

2  P2NCNHCO 

Mass  Number 

infi 

QO 

✓  fc* 

QQ 

v/w 

D't 

Rel.  Intensity 

96 

18 

4i» 

116 

Assignment 

P2NCNCO 

NC(NP)2 

PNCNHCO 

PNCNCO 

Mass  Number 

86 

78 

73 

70 

Rel.  Intensity 

15 

11 

57 

27 

Assignment 

COCNO2 

CN2P2 

PCNCO 

HOP 3  or  C0( 

Mass  Number 

60 

68 

65 

64 

Rel.  Intensity 

59 

22 

20 

81 

Assignment 

CFa 

NCNCO 

HCNP2 

CNP2 

Mass  Number 

61 

59 

55 

5^ 

Rel.  Intensity 

88 

185 

21 

47 

Assignment 

CONP 

HCNO2 

CNHCO 

CNCO 

Mass  Number 

53 

5i; 

46 

^♦5 

Rel.  Intensity 

12 

70 

272 

380 

Assignment 

HNP2 

NP2- 

NO2 

CNF 

Mass  Number 

45 

33 

31 

30 

Rel.  Intensity 

268 

52 

27  k 

223 

Assignment 

NHCO 

NP 

CP 

NO 

Plus  several  smaller  fragments. 
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2.1  cm.  and  a  505^  fire  level  of  TEGEN  at  2.6  cm.  under  the  same 
conditions.  The  product  appears  to  be  quite  stable  although  It 
may  be  slightly  sensitive  to  moisture  upon  standing.  It  Is  felt 
that  this  product  warrants  further  Investigation,  either  as  a 
plasticizer  for  high  energy  polymers,  or  as  an  oxidizer  In  Itself. 

(C)  Several  attempts  have  been  made  to  prepare  salts  of  (F2N)3-C 
NH-C0-C(NC2)3,  under  the  assumption  that  the  hydrogen  attached  to 
the  nitrogen  would  be  slightly  acidic.  When  the  ammonia  or  hydra¬ 
zine  was  allowed  to  react  with  the  above  product  In  ether,  a  solid 
was  produced  rapidly.  An  Infrared  mull  of  thlo  solid  Indicated  very 
little  NF  present;  the  solid  was  not  Impact  sensitive. 

(C)  The  reaction  of  trls-I  with  peroxydlsulfuryl  dlfluorlde 
produced  white,  crystalline  needles,  along  with  F2N-O-SO2F,  S2O5FS 
and  CO2 .  An  elemental  analysis  of  the  white  solid  indicated  the 
product  to  be  nltrosyl  fluorosulfonate,  NO'^SOs'F.  The  neat  reaction- 
was  carried  out  at  80®C.  for  48  hours. 


b.  Reactions  of  trls -Bromide  (U) 

(1)  With  Oximes  (U) 

(C)  Recent  studies  In  this  laboratory  have  shown  that  oximes 
are  capable  of  displacing  bromine  from  trls -bromide,  (F2N)3CBr. 

The  product  of  this  reaction  was  believed  to  be  of  the  type, 
(F2Nj3C-0-N»CR2,  as  Indicated  below: 

(F2N)3GBr  +  HON-CR2  (F2N)3C-0-N-CR2 

(C)  Compounds  of  this  type  would  be  highly  desirable,  since 
they  could  provide  the  means  for  preparing  i(F2N)3C-0-NH2  by  hydrol¬ 
ysis  of  the  oxime -0-trls  compound  according  to  the  following  general 
equation: 

(F2N)3C-0-N*CR2  +  H2O  0=CR2  +  (F2N)3C-0-NH2 


The  above  reaction  was  carried  out  with  four  different 


a  product  in  excellent  yield.  When  dlfunctlonal  oximes  were  used 
the  reaction  proceeded  stepwise  and  stolchlometrlcally,  to  form  a 
liquid  product.  Infrared  spectra  appeared  to  substantiate  the 
formation  of  the  desired  product,  viz.,  (F2N)3C-0-N=CR2 . 


4  U4 

9 


(C)  NMR  data,  which  later  became  available.  Indicated  that  the 
product  was  not  as  expected,  but  actually  was  FHNC(NF2)2-0-N«CR2 . 

A  representative  spectrum  of  the  above  product,  where  R  ■  CH3,  Is 
shown  in  Figure  94.  Although  a  variety  of  oximes  was  employed 
(acetoxlme,  glyoxlme,  dlmethylglyoxlme  and  oxamldoxlme ) ,  NIIR  evi¬ 
dence  conclusively  indicated  the  presence  of  an  NHF  grotqp,  although 
this  was  not'indlcated  by  the  infrared  spectra.  All  above  products 
were  impact  sensitive. 
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(C)  Fig.  94  -  Infrared  Spectrum  of  NHF-C(NF2)i-0-N=C(CH3) 


CONFIDENTIAL 


(C)  After  a  careful  study,  It  appears  that,  during  the  course 
of  the  reaction,  one  NFz  group  Is  converted  smoothly  and  quickly 
Into  an  NHF  group  without  giving  any  detectable  evidence  of  frag¬ 
mentation  of  the  trls  group  during  the  fluorine  abstraction  and 
subsequent  hydrogenation.  Evidence  obtained  by  following  the  reac¬ 
tion  with  NMR  Indicates  that  this  Is  not  simply  a  bromine  displace¬ 
ment  followed  by  a  loss  of  fluorine  from  the  trls  group,  but  appears 
to  be  a  concerted  reaction  wherein  cne  NP2  group  Is  converted  to  an 
NHF  group  with  the  concurrent  loss  of  the  bromine  from  the  trls 
group.  This  evidence  13  baaed  on  the  fact  that  (a)  mild  bases  did 
not  eliminate  the  above  reaction  by  neutralizing  the  HBr  as  It  was 
f'^’med,  and  (b)  In  carrying  out  the  same  reaction  with  compound 
Delta,  only  starting  materials  were  covered.  It  seems  evident  then 
that  oximes  do  not  react  with  NF2  groups  directly,  but  may  react 
with  trls-bromlde  by  the  elimination  of  bromine  and  fluorine  con¬ 
currently,  with  the  subsequent  formation  of  BrFs  and  Br2  from  the 
eliminated  BrF,  Bromine  la  always  found  as  one  of  the  reaction 
products . 

(C)  In  pursuing  the  reactions  of  oximes  with  trls-bromlde,  It 
became  evident  that  nitration  reactions  with  N2O4  were  possible, 
since  many  unsaturated  oximes  are  readily  nitrated.  This  should 
lead  to  products  having  both  the  trls (dlf luoroamlno )methi'l  function 
and  a  highly  nitrated  function.  Compounds  of  this  type  should  be 
solids  and  also  excellent  oxidizers.  Moreover,  shock  sensitivity 
of  INPO-635  la  reduced  In  a  nltroalkane . 

(C)  Using  a  1:1  molar  ratio  of  oxamldoxlme  to  trls-bromlde, 
the  product  (F2N)2C(NFH)0-N-C(NH2)-C(NH2)*N0H  was  prepared.  Nitra¬ 
tion  of  the  product  occurred  readily  with  N2O4  In  Preon-11  at  -50®C. 
An  Infrared  spectrum  of  this  product  Is  shown  In  Figure  95.  How¬ 
ever,  since  It  was  discovered  at  this  time  that  the  oxime -trls- 
bromlde  product  did  not  have  the  trls-molety  Intact,  but  was  In 
reality  a  PPG  adduct,  the  studies  were  terminated. 

(2)  With  Hydroxy lamlne  Perchlorate  (C ) 

(C)  Since  oximes  had  been  found  to  react  with  trls-bromlde, 
the  reaction  of  hyaroxy lamlne  perchlorate  with  trls-bromlde  was  In¬ 
vestigated  for  the  purpose  of  preparing  INFO-615,  directly.  Spe¬ 
cially  prepared  hydroxylaralne  perchlorate  (from  the  ijeactlon  of 
hydrcxylamlne  hydrochloride  with  barium  perchlorate)  was  allowed 
to  react  with  trls-bromlde  In  a  variety  of  solvents.  Including  DMF, 
acetonitrile,  ether,  ethanol,  and  methanol,  at  temperar  -res  from 
-60''C.  to  room  temperature  and  over  a  period  of  time  from  1  to  3 
hours.  In  no  case  was  a  ahock-sensltlve  compound  made  that  would 
be  Indicative  of  the  desired  salt.  The  products  obtained  were 
bromine,  unreaoted  trls-bromlde  and  an  unidentified  NF -containing 
compound.  When  DMF,  ether,  and  acetonitrile  were  used  as  solvents, 
substantial  quantities  of  nitrous  oxide  from  the  decomposition  of 
the  trls-bromlde  were  obtained.  When  ethanol  and  methanol  were 
employed  as  solvents,  ethyl  and  methyl  nitrites  were  produced  as 
well  aa  nitrous  oxide.  No  hydrogen  bromide  was  ever  observed,  nor 
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was  the  expected  product  found.  The  above  data  Indicated  that  the 
reaction  was  not  proceeding  in  the  desired  manner  and,  therefore, 
this  study  was  dropped. 

(?)  With  Triphenylsilanol  (U) 

(C)  The  discovery  that  tris-bromide  would  undergo  displacement 
reactions  with  slightly  acidic  hydroxylic  compounds,  led  to  attempts 
at  displacement  of  the  bromine  from  tris-bromide  with  compounds 
other  than  oximes.  For  exampl?,  if  tris-bromide  reacted  with  slla- 
nols  in  the  same  manner  as  it  was  originally  thought  to  react  with 
oximes,  it  should  be  possible  to  prepare  (P2N)3C-0-SlR3  compounds. 
Fluorlnatlon  of  these  compounds  should  lead  to  the  formation  of 
(F2N)3C-0P,  since  it  is  known  that  organoslllcon  alkoxldes  undergo 
reactions  with  various  reagents  to  cleave  the  Sl-0^  linkage  at  the 
Sl-0  bond  and  never  at  the  C-0  bond.  Two  examples  of  this  are  seen 
below: 


R3SIOCR3  +  AIX3  R3SIX  +  R3C-O-AIX2 

R3SIOR  +  PCI3  -►  R33ICI  +  CI2FOR 

Therefore,  fluorlnatlon  of  (P2N)3C-0-SiR3  should  lead  to  the  fol¬ 
lowing; 


(P2N)3C-0-S1R3  +  P2  (P2N)3C0P  +  PSIR3 

Moreover,  once  formed,  the  (P2N)3C0P  should  be  capable  of  trans¬ 
formation  Into  (P2N)3C-0NF2  by  treatment  with  HNP2. 

(C)  Vfhen  tris-bromide  and  triphenylsilanol  were  mixed  in  ether 
at  room  temperature,  no  reaction  took  place.  However,  when  combined 
in  the  absence  of  a  solvent  and  stirred  at  room  temperature  for  two 
hours,  the  reactants  exploded.  Finally,  pyridine  was  used  as  a  sol¬ 
vent  and  proton  acceptor  to  force  the  reaction  to  completion.  In 
this  case,  tetrafluorohydrsizlne  and  trlphenylsllyl  fluoride  were 
produced.  Thus,  attempts  to  prepare  the  sllanol  derivative  of 
tris-bromide  were  not  successful. 

(4)  With  Nltrofonn  (U) 

(C)  The  reaction  of  tris-bromide  with  nltroform  should  produce 
trls-nltroformate,  (P2N)3C-C(N02)3,  if  simple  displacement  of  the 
bromide  by  enollc  (or  slightly  acidic)  compounds  was  successful. 

When  it  was  first  discovered  that  oximes  reacted  with  tris-bromide, 
the  reaction  of  nltroform  with  tris-bromide  was  also  carried  out  In 
ether  at  room  temperature.  An  Infrared  analysis  of  the  products 
showed  the  presence  of  bromonltroforra,  BrC(N02)3.  The  only  other 
Isolable  product  appeared  to  be  FC(NF2)2NHF;  no  free  bromine  was 
observed. 

(C)  Attempts  were  made  to'prepare  (P2N)3C-C (N02)3  as  a  solid 
oxidizing  material  by  the  reaction  of  tris-bromide  and  a  metal 
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salt  of  nltroform,  MC(N02)3.  Both  mercury  and  potassium  salts  of 
nltroform  were  prepared  and  used. 

(C)  When  trls-bromlde  and  the  mercury  salt  of  nltroform  were 
allowed  to  react  In  diethyl  ether  at  -8®C.  for  1-1/2  hours,  fol¬ 
lowed  by  2  hours  at  25“C.,  only  unreacted  starting  material  and 
some  decomposition  products  were  observed,  e.g.,  HNF2  and  N2P4. 

In  the  case  of  the  potassium  salt,  only  starting  materials  were  re¬ 
covered  from  the  reaction  medium. 

(5)  With  Peroxydlsulfuryldlfluorlde  (U ) 

(C)  It  was  desirable  to  displace  the  bromine  from  trls-bromlde 
by  conventional  means.  However,  neither  SmI  nor  Sj^2  displacement 
techniques  had  proven  satisfactory.  Therefore,  explorations  were 
made  to  determine  whether  free  radical  techniques  could  be  employed. 

A  successful  displacement  of  bromine  from  trls-bromlde  was  accom¬ 
plished  In  a  reaction  with  peroxydlsrlfuryl  dlfluorlde,  (FS0200S02P) . 
When  trls-bromlde  and  peroxydlsulfuryl  dlfluorlde  were  allowed  to 
react  for  48  hours  at  TO^C.,  the  following  reaction  took  place: 

(P2N)3C-Br  +  2  S20aP2  (P2N)3C -O-SO2P  +  Br(0S02P)3 

(C)  Additional  quantities  of  the  trls -fluorosulfonatf'  were 
prepared  In  70t  yield  at  90®C.  ^or  16  hours.  Molecular  weight. 
Infrared,  NMR,  mass  spectra,  and  gas  density  data  all  corresponded 
to  the  product  (F2N)3COS02P,  and  are  shown  In  Figure  96  and  Table 
XXXIX.  Employing  the  same  reaction  conditions  and  reagent  with 
trls -chloride  gave  only  the  following: 

(P2N)3C-C1  +  S20oP2  SIP4,  P2N-0S02P*  S02P2  ,  S20;P2  ,  C0P2  , 

and  probably  02C10S02F. 

(C)  Attempts  to  fluorlnate  the  trls -fluorosi’lfonate,  (P2N)3- 
COSO2P,  from  the  reaction  of  trls-bromlde  with  peroxydlfluorodl- 
sulfonate,  yielded  only  the  products  CP3OP  and  NP3  In  quantitative 
yield.  Hydrolysis  studies  of  the  trls-fluorosulfonate  In  aqueous 
sulfuric  add  led  to  no  reaction;  the  starting  j.aterlal  was  re¬ 
covered  unchanged . 

(U)  Since  peroxydlsulfuryl  dlfluorlde  apparently  acts  In  a 
peroxide  manner  upon  trls-bromlde,  other  free  radical  addition 
reactions  were  carried  out  on  trls-brumlde  employing  either  azo- 
blslsobutyronltrlle,  AIBN,  or  985^  H202.  No  reaction  was  observed 
in  any  of  these  cases. 

(6)  With  Compound  A  (U) 

(C)  Since  Compound  A,  CIP9,  Is  a  powerful  fluorinatlng  agent, 
attempts  to  react  Compound  A  with  trls-bromlde  were  carried  out  to 
obtain  (P2N)3C‘''C1P4",  The  product  of  the  reaction  was  Invariably 
decomposition  products  of  Compound  A  such  PCIO3  and  C102;  the 
trls-bromlde  was  recovered  unchanged. 
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Table  XXXIX 


Properties  of  trlsfDlf luoroanilno)niethyl  Pluoroaulfonate 


NPa 

Structure:  F2N-C-OSO2P 

liPa 


Appearance:  Colorless  liquid. 
B.  P.  (est.);  75*C. 


Molecular  Weight 

(by  vapor  density):  Calc. 

,  2671  Pound, 

271. 

P^®  NMR  Spectrum: 

Group  Pe 

NPa 

aks,  0  Area  Ratio 

-28.2  6 

(CPCI3  as  ref.) 

SP 

-52.0 

1 

SP  peaks 

split  Into  7  lines  with  J  = 

3.2  cps. 

Mass  Spectrum; 

M/e 

215 

168 

144 

97 

Abundance 

2,8 

5.9 

6.0 

4.9 

Assignment  (PaNjaCOSOaP  (P2N)3C 

PN-COSOaP 

PN=CNPa 

M/e 

83 

80 

78 

67 

Abundance 

100 

15 

3.4 

9.2 

Assignment 

SOaP 

SO3''’  and  PaNCO 

PNCNP 

SOP 

M/e 

64 

61 

59 

52 

Abundance 

13 

47 

1.9 

25 

Assignment 

SOa 

PNCO 

PNCN 

NPa 
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c.  trl3 -Chloride  (U) 

(U)  Several  displacement  reactions  were  carried  out  on  trls- 
chlorlde  similar  to  those  performed  on  trls -bromide.  In  reactions 
Involving  hydrazine,  perchloric  acid,  silver  perchlorate,  silver 
nitrate,  and  fuming  nitric  acid, 'either  no  displacement  or  decom¬ 
position  occurred.  In  the  reaction  of  trls-chlorlde  with  oximes, 
the  starting  materials  were  recovered  after  three  days. 

d.  trls -Amine  (U) 

(C)  With  the  Intention  of  Investigating  the  possible  acid 
character  of  trls -amine,  the  following  reaction  with  a  metal  hy¬ 
dride  was  proposed  for  Investigation: 

H 

(P2N)3C-NHa  +  MH  -►  (F2N)3C-N"M'*‘  +  Hat 

(C)  trls-Amlne  was  treated  with  lithium  aluminum  hydride  for 
1  to  2  hours  at  -50“C.,  and  the  solid  residue  res  iltlng  therefrom 
was  examined  and  was  found  to  be  shock-lnaensltlV'? ,  The  product 
consisted  chiefly  of  lithium  fluoride  with  a  small  quantity  of 
Compound  AlHa-l^Sl.  Since  It  appeared  evident  that  the  reaction 
Involved  decomposition  of  the  dlfluoroamlno  group,  no  further  work 
was  done. 

(C)  In  order  to  prepare  (PaN^sCNOa,  the  oxidation  of  trls -A 
was  carried  out  with  ozone  at  room  temperature.  Analysis  of  the 
products  Indicated  the  presence  of  Compound  H  and  PPQ,  plus  various 
nitrogen  oxides.  The  oxidation  of  trls-A  with  peracetic  acid  was 
similarly  unsuccessful.  An  alternate  approach  Involved  the  ozonlza 
tlon  of  the  Schlff  base,  (P2N)3C-N=<!HNH2,  available  from  the  reac- 
tl:n  of  trls-A  with  formamlde.  Oxidation  of  this  Schlff  base  with 
peracetic  acid  yielded  a  rearranged  product  containing  -CP3  and 
-CP2-  groups  as  well  as  NP2  groups.  This  study  was  therefore 
terminated . 

e.  Compound  Delta  (U) 

(c)  Since  It  had  previously  been  shown  that  oximes  react  with 
trls -bromide  to  form  an  adduct  with  a  concomitant  elimination  of 
bromine  and  fluorine  from  the  trls  group,  a  study  of  the  reaction 
of  Compound  Delta  with  oximes  was  undertaken  to  determine  If  the 
oxime  group  reacts  with  NP2  groups.  Equimolar  quantities  of  Com¬ 
pound  Delta  and  acetone  oxime  were  mixed  In  carbon  tetrachloride 
and  allowed  to  react  18  hours  at  rcor  temperature,  ."'fter  this  time 
only  unreacted  startlr.g  materials  were  recovered.  Ohtersolvents 
and  catalysts  did  not  facilitate  a  reaction  between  these ' reagents . 
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(C)  It  was  observed  that  Compound  Delta  decomp>oses  photocheml- 
cally  when  Irradiated  with  ultraviolet  light.  If  photochemical  de- 
comp>o&ltlon  of  Compound  Delta  Is  similar  to  thermal  decomposition 
and  proceeds  through  a  (P2N)3C  free  radical,  It  was  thought  possible 
to  trap  the  free  racilcal  with  a  compound  such  as  nitric  oxide.  When 
vapor  phase  mixtures  of  these  two  compounds  were  mixed  and  Irradiated 
for  40  minutes,  no  reaction  occurred;  the  starting  materials  were 
recovered  unch^ged. 

2.  Reactions  of  PPQ  (U) 

a.  With  Peroxydlaulfuryl  Dlfluorlde  (U) 

(C)  Since  It  has  been  shown  that  prototropic  compounds  such  as 
HCl,  HBr,  HNCO,  and  HNa  will  form  adducts  with  PFQ,  several  other 
reactions  of  this  type  and  others  were  carried  out  In  order  to  ob¬ 
tain  a  solid  oxidizer.  Successful  reactions  were  carried  out  with 
equimolar  quantities  of  PPQ  and  peroxydlaulfuryl  dlfluorlde.  In 
vdilch  case  P2NOSO2P,  P2NC(Nr)0S02P,  and  (PSO2O) 3CN(P)0S02P  were 
formed.  Each  of  these  products  has  been  characterized  by  infrared, 
nuclear  magnetic  resonance  and  mass  spectral  methods,  and  these 
data  are  found  In  Plgures  97  and  98  and  Tables  XL  and  XLI.  Although 
these  products  In  themselves  are  not  useful  as  oxidizers,  the  above 
reaction  does  Indicate  that  a  presimed  free  radical  attack  mey  be 
employed  to  prepare  useful  oxidizers  from  PPG,  Thus,  additional 
research  In  this  area  with  free  radical  formers  was  undertaken. 
However,  neither  azoisobutyinitrlie  (AIB»0  nor  100^  H2O2  proved 
successful . 

b.  With  Perroanganyl  Piuorlde  (U) 

(C)  Since  PPQ  had  been  found  capable  of ' undergoing  the  Dlels- 
Alder  reaction.  It  was  thought  that  It  would  undergo  other  reactions 
peculiar  to  the  carbon -nitrogen  double  bond.  The  specific  reaction 
considered  was  the  hydrxjxylatlon  of  olefins  w.lth.jaetal  oxides.  TTie 
desired  reaction  sequence  was  as  follows: 

P2N^  NP2 

V 

/  \ 

P2N  OP 


(U)  The  perroanganyl  fluoride  was  prepared  by  the  reaction  Df 
fluorosulfonlc  acid  with  potassium  permanganate  as  Indicated  below: 

KMn04  +  2  HSOaP  -►  MnOsP  +  KSOaP  H2SO4 

(U)  Reactions  with  both  MnOaP  and  OSO4  gave  no  Indication  of 
an  adduct,  and  the  direct  fluorlnatlon  gave  no  evidence  that  an 
OP -containing  material  had  been  produced. 


P2N 

P2N-C-NP 


+  MnOsP 


P2N 

Liq.  \  - 


P2N 


N 

i  I 
On  ^0 
jMnC 

(f  P 
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(C)  Pig.  97  -  Infrared  Spectrum  of 
Perfluoroforraamldlne  Pluoroaulfonate 


Table  XL 

^C)  Properties  of  Perf luoroformamldlne  Pluoroaulfonate 
NP 

ff 

Structure;  PaN-C-OSOgP 
Appearance:  Colorless  liquid 
B.  P,  (eat.):  60*C. 

Molecular  Weight  (by  vapor  density); 


NMR  Spectrum; 


Group 

NPz 

-NP 

OSOaP 

NP 


NP  ^ 

.  ..A. 


Calc.,  196; 

Peaks,  0 

-7.55 

-45.4 

-48.5 

J  -  15  cpa , 


Pound ,  195 . 

Ratio 

•  2 
1 
1 


fan 


J  »  4  cpa , 


Maaa  Spectrum: 
M/e 

Abundance 

Aaalgnment 

M/e 

Abundance 

Aaalgiiraent 

M/e 

Abundance 

Aaalgnment 


144 

8,7 

PNCOSOaP 

78 

1.2 

PaNCN  and  PNCNP 
52  51 

2.9  1.0 

NPa  SP 


97 

1.2 

PNCNPa 

67 

9.7 

SOP 


64 

7.5 

SO2 


85  QO 

100  .5.4 

SO2?  SOs  and  OCNP2 

61  59 

9.2  1.0 

OCNP  NCNP 


48 

10.2 

SO 


45 

0.6 

PNC 


42 

5.8 

NCO 


40 

1.5 

NCN 


55 

9.0 

NP 
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xapie  JCLi 

P^alcal  Properties  of  [trlafPluorosulfonateWt) 
Fluoroauifonatefluoroamlne'  - 

O-SOaP 

I  P 

'iT'p  •  WCA  _ ^  M  •• 

-nj -n 


O-SOa-P 

Appearance;  Colorleaa  liquid 
B.  P.  (eat.);  >200"C. 

P'"  NMR  Spectrum:  Qroup 

NP 

NOSOaP 
C(OSOaP)3 
J  m  U ,T  0p2 , 


Maaa  Spectrum. 
M/e 

Abundance 

Aaalgnment 

M/e 

Abundance 

Asalgnment 


-N-OSOaP 


-18.6 

-42.5 

-52.6 

J  “  4 . 1  cpa 


127 

24 

OCOSOaP 

125 

24 

NCOSOaP 

83 

39 

SOaP 

67 

20 

SOP 

6l 

44 

33 

3 

97 

6 

OCNP 

COa 

NP 

Ratlc 
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c.  With  Water  (U) 

(C)  Since  the  reaction  of  PP&  with  HCl  or  HBr  to  from  trla- 
C1  and  trla-Br,  respectively,  had  proven  successful,  several 
attempts  were  made  to  react  PPQ  with  water  In  liquid  SOa  In  the 
hope  that  this  solvent  might  modify  the  hydrolysis  reaction  and 
allow  water  to  add  across  the  double  bond  to  fom  an  adduct. 

P^N  PaN  NHP  PaN  NPa 

i-NP  +  HOH  y  jj>^  y 

Pali  PaN  '■OH  PaN  'oP 

(C)  The  reaction  was  carried  out  by  starting  at  -80*C.  and 
slowly  raising  the  temperature  over  a  period  of  several  days.  No 
hydrolysis  was  evidenced  until  the  temperature  reached  -10*C . ,  at 
which  time  the  material  hydrolyzed  to  yield  HNFa  In  a  matter  of 
one  or  two  hours . 


d.  With  Pormlc  Acid  (U) 

(C)  Since  It  might  be  possible  to  obtain  trls-OP  bv  the 
fluorlnatlon  of  the  foralc  acid  adduit  of  PPQ,  PHNC(NPa)2-0-CH, 

0;- 

this  reaction  was  Investigated.  When  PPQ  was  allowed  to  react  with 
formic  acid  In  liquid  SO2,  no  reaction  was  observed  at  temperatures 
up  to  room  temperature  over  a  period  of  time.  Therefore,  aluminum 
chloride  was  added  as  a  catalyst,  at  which  time  a  very  rapid  reac¬ 
tion  was  observed.  Separation  and  Identification  of  the  products 
Indicated  the  main  product  to  be  trls -chloride.  The*  HCl  was  formed 
presumably  In  the  hydrolysis  reaction  of  aluminum  chloride  with 
water  due  to  the  wet  formic  acid.  Upon  drying  the  fprmlc  acid,  the 
presence  of  aluminum  chloride  In  the  reaction  media  had  no- catalytic 
effect  and  no  adduct  formation  was  detected.  , 

e.  With  Hydrogen  Iodide  (U) 

(U )  Since  reactions  of  PPQ  with  HCl  and  HBr  had  produced  trls- 
chlorlde  and  trls-bromlde<  respectively,  several  attempts  were  rr“de 
to  prepare  trls -Iodide  by  the  reaction  of  PPQ  with  hydrogen  Iodide. 
Although  a  variety  of  techniques  were  used,  such  as  low  temperature 
addition  of  HI,  dliatlon  of  the  reaction  medium,  and  the  use  of 
catalysts,  no 'adduqt  formation  was  observed;  Instead,  the  ;hydrogen 
Iodide  was  almost  Immediately  oxidized  to  Iodine. 


f.  With  Oximes  (u ) 

(C)  It  has  been  shown  in  the  past  that  oximes  will  form  adducts 
with  PPQ,  according  to  the  following  general  equation: 

F2N 

6-NP 

PsN 


PaN  NHP 

hon'^  • 

V 

V 

/  \ 

PaN  0-N 
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(C)  By  analogy,  therefore.  It  should  be  possible  to  form  the 
hydroxy lamraonlura  adduct  of  PPG,  using  the  following  procedure; 


PaN 

C-NP  +  K2[H0N(S03)2) 
PaN 


SQj^ 


PaN  NHP 

^C'  SOsK 

/\  ' 

PaN  0-N 


SOsK 


HC1_^ 


PaN  NHP 

/\  +  - 
PaN  O-NHs^Cl 


(O)  PPG  was  allowed  to  react  with  potasslura  hydroxylaralne  dl- 
sulfonate  In  liquid  SOa  as  Indicated  above.  However,  no  adduct 
formation  was  observed,  probably  due  to  the  Insolubility  of  the 
potassium  salt. 

(C)  Acetone  oxime  forms  an  adduct  with  PPG  quite  easily  In  a 
variety  of  solvents.  The  general  reaction  la: 


PaN  CKa 

C-NP  +  HON-C 
PaN  .  CHs 


PaN  NHP 
'^C'^  CHa 

/  \  t 

PaN  0-N  =C 


CHa 


■C'  The  product  has  been  Identified  by  Infrared  and  NMR  spec¬ 
troscopy.  However,  the  difficult  step  In  obtaining  the  desired 
product  occurs  In  the  fluorlnatlon  of  the  adduct. 


PaN  NHP 

CHs 

/\  < 
PaN  0-N-C 

CHs 


+  Pa  •* 


PaN  NPa 

CHa 

/  \  ' 
PaN  0-N-C 

CHa 


(U)  Only  poor  yields  could  be  obtained  In  this  fluorlnatlon 
reaction. 


(C)  Because  of  the  difficulty  experienced  In  fluorlnatlng  the 
the  feasibility  of  iiydroly^liig  the  uuJuct  to  give  the  uesireu 
hydroxy lamlne  salt  was  explored.  Pluor^atlon  of  this  salt  should 
then  result  In  the  desired  product  as  Indicated  below: 


MWM  VftV  W  p 


NHP  CHa  NHP  •  NP.t 

PaN-C-O-N-C  PaN-C -O-NHa'^’Cl "  PaN-C-0-NHa'*‘Cl" 

I  I  ,  , 

NPa  CHa  NPp  NPa 

(U)  Hydrolysis  was  thei'efore  attempted  with  stoichiometric 
quantities  of  gaseous  HCl  and  water  In  a  variety  of  solvents.  ‘ 
Ethanol  was  found  to  be  the  best  solvent  for  this  reaction  and  ob- 
aeiTvable  amounts  of  acetone  were  formed  a'fter  hydrolysis;  however, 
a  large  amount  of  NaP4  was  also  produced  In  the  reaction. 
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(U)  Since  the  oxime  adduct  ..pparently  decomposea  under  the 
conditions  used  for  hydrolysis,  this  study  was  terminated. 


g.  With  Amines  (U) 

(C)  Although  trls-A  has  been  shown  to  be  Insufficiently  basic 
to  form  salts,  It  was  thought  that  the  methylamlne  or  dlmethylaralne 
adducts  of  PPG  would  be  sufficiently  basic  to  form  salts,  e.g.,  with 
HCIO4,  due  to  the  positive  Inductive  effect  of  the  methyl  groups. 
Several  reactions,  therefore,  were  carried  out  In  order  to  prepare 
the  methylamlne  and  the  dlmethylamlne  adducts  of  PPG  so  that  the 
perchlorate  salt  could  be  formed  therefrom. 


P2N 

C«NP  +  H2N-CH3 
PzN 


PgN  NPH 
PaN'"  \-CH3 

I 

H 


NPa 

of 

PaN^S^'Ha 

CH3 


C104" 


(C)  The  reaction  bdtween  PPG  and  methylamlne  or  dlmethylamlne 
was  studied  In  the  presence  of  solvents  as  well  as  neat,  and  under 
a  variety  of  temperatures.  These  studies  showed  that  when  the  re¬ 
action  occurred,  a  light  yellow,  shock-insensitive  solid  was  ob¬ 
tained.  Elemental  analysis  was  obtained  on  the  products,  all  of 
which  showed  too  low  a  fluorine  content.  The  Infrared  spectrum 
showed  the  presence  of  CH,  CP,  and  CN  bonds.  Only  very  weak  peaks 
were  found  In  the  NPa  region.  Thus,  It  appeared  that  the  essential 
reaction  taking  place  was  one  of  oxidation  of  the  dlmethylamlne  by 
the  NPa  group  of  the  PPG  rather  than  the  desired  adduct  formation. 

h.  With  Trlphenylsllanol  (U) 

(C)  Attempts  were  made  to  prepare  the  trlphenylsllanol, 
(CflHOaSlOH,  adduct  of  PPG  as  an  Intermediate,  In  the  synthesis  of 
trls(dlf luoroamlnojmethyloxyfluoride,  (NP2)3C0P,  and  trls(dlf luoro- 
amlno)oxydlfluoroamlnomethane,  (NPa)3C0NFa\  At  -8C®C.,  PPG  and 
trlphenylsllanol  were  combined  In  liquid  SOaJ  however,  after  one 
hour  no  reaction  was  observed.  The  reaction  mixture  was  warmed  to 
ro  temperatui'e  and  maintained  thei‘e  for  one  hour.  Again,  no 
r.  ^cti'in  was  observed.  In  the  pre.senoe  of  nitromethane  ^ind  urea, 
thfc  3lit,nol  reacted  to  form  tetrafluorohydrazlne,  NaP4, 'and  trl- 
pheny iSllanylf luorlde,  (CoH5)3SlF.  Similar  results  were  obtained 
when  PPG  and  trlphenylsllanol  were  alldwed  to  i^act  In  acetonitrile 
with  urea  as  the  catalyst  at  0*C.  for  two  hours.  Since  the  desired 
results  were  not  obtained,  this  reaction  study  was  termlhated. 

(C)  Rocent  literature  discloses  the  preparation  of  anhydrous 
carbonic  acid  etherate.  Since  the  cesium  fluoride  catalyzed 
fluorlnatlon  of  carbon  dioxide  yields  CPa(0P)a.  It  was  thought 
that  fluorlnatlon  of  free  carbonic  acid  might  yield  CP(0P)3.  Free 
carbonic  acid  was  flucrlnated  with  elemental  fluorine  at  -oO*C. 
for  one  hour.  The  reaction  products  were  collected  at  -l83*C. 
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Upon  warning  the  collected  products  to  room  temperature  and  while 
expanding  them  Into  a  vacuum  system,  they  Ignited  to  yield  a  car¬ 
bonaceous  deposit.  Infrared  analysis  of  the  remaining  gases  Indi¬ 
cated  that  no  material  with  OP  bonds  was  present.  No  further  work 
was  done  on  this  system. 

C.  FLUORINATION  OF  INORGANIC  COMPOUNDS  (U) 

(C)  In  the  past,  attempts  have  been  made  to  prepare  C-OP  com¬ 
pounds,  since  these  appear  to  be  less  shock-sensitive  than  the 
corresponding  NP  compounds  (cf.  (P2N)2CP2  vs.  (P0)2CP2).  On  the 
whole,  these  attempts  have  not  been  particularly  fruitful.  An 
alternative  to  this  approach  has  been  to  completely  eliminate  the 
carbon  (fuel)  from  the  molecule.  This  Idea  has  resulted  In  the 
fluorlnatlon  of  several  salts  In  efforts  to  produce  new  oxidizers 
or  oxidizer  Intermediates.  The  potassium,  cesium,  and  ammonium 
salts  of  perchloryl  amide,  H2NC10a,  have  been  examinee  as  a  means 
of  producing  the  possible  oxidizer,  NP2CIO3.  Fluorlnatlon  of 
K2NCIO3  and  Ca2NC103  at  low  temperatures  resulted  In  explosions  at 
-20*C.  to  ->0*C.  during  a  very  gradual  warm  up  of  the  reactor. 

Aqueous  fluorlnatlon  of  NH4'^HC103"  at  0“C.  resulted  In  the  produc¬ 
tion  of  NOCl,  CO2 ,  N2O,  FNO3,  PCIO3,  CIO2,  and  trans-N2P2.  Upon 
fiuorlnatlonm  calcium  hypochlorite  gave  CaP2 ,  CIO2,  and  CI2  as  the 
main  products,  with  PCIO3  appearing  as  a  minor  product.  .Attempts 
to  produce  P0N*N0P  fi?om  sodium  hyponl trite  and  silver  hyponltrlte 
were  unsuccessful.  Since  NF2CP2OF  would  be  useful  as  a  model  In 
predicting  the  stability  of  compounds  containing  both  NP2  and  OP 
groups,  potassium  cyanate  was  fluorlnated  at  -40®C.  About  95^  of 
the  gaseous  product  mixture  was  NP3  and  CF3OF  with  the  remaining 
5^  composed  of  equal  quantities  of  CF*  and  OP2 .  , 

(C)  Using  cesium  fluoride  as  a  catalyst  (generated  by  the 
fluorlnatlon  of  cesium  carbonate),  several  runs  have  been  made 
attempting  to  fluorlnate  nltrosyl  fluoride,  PN02 ,  to  the  oxidizer, 
P2N(0)0P.  No  fluorlnatlon  of  PNO2  was  observed  In  the  temperature 
range  of  -30*C.  to  125 *C .  At  150"C .  an  unknown  substance  was  de¬ 
tected.  However,  carbon  compounds  such  as  CO2 ,  CP3OP,  and  CP3(0P)2» 
derived  from  the  catalyst,  complicated  Isolation  of  the  substance 
in  a  pure  form.  Table  XLII  lists  the  reactions  carried  out  together 
with  the  conditions,  the  product  expected,  and  the  products  observed. 

D.  EFFECT  OP  IMPURITIES  ON  THE  IMPACT  SENSITIVITY  OP  DIPLUOROAMINO 

— ccMrOuyi&g""  rc ) - 

(C)  Since  no  further  work  of  an  extended  nature  Is  contemplated 
on  sensitivity  of  dlf luoroamlno  compounds,  this  report  will  summarize 
the  entire  effort  In  this  area . 

1 .  Summary  (U ) 

(1)  NP2  compounds  are  Inherently  Impact  sensitive  and 
appear  to  Increase  in  sensitivity  with  the  number 
of  NP2  groups  per  carbon. 
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_  CaF  CAt.Honal. 

•^o’cTTrjK^ 

0.1  to  600  (ta. 


■o  roaetloa 


no*  *  T, 


CiF  c»t.  Wonol 
•BO’C.  to  25*C. 

0.1  to  0.5  ata. 


no.  «  0. 


Ilatllt0.(trua)  ♦  F. 


tttMptod  to  prcixr. 
FOII«MOF  Ola-  or  truia- 


»0.,  MOCl,  SIF. 


Na.ll.Oa(trana)  o  F. 


Attovtod  to  propar. 
FOM-MOF  oU-  or  trana- 


co,.  or. 


Ca.>.0.(trana)  ♦  F. 


Atmptad  tu  prop<-tr 
F0ll>«0F  Ola-  or  trana- 


aCa.  KCl,  31F« 


WlaOa(ola)  ♦  F. 


Attaaptad  to  prapara 
FOM-MOF  Ola-  or  trana- 


FNOa,  MaO 


CaCOa  *  Fa 


»C(0F). 


CFatOF).  o  CFaOr  o  (#.  +  OaCtF 
56^  36» 


FClOa  ♦  Fa 


?S*C.  to  yX)«C.  ■ 
nloltal  50)  atal 


FaCKOF). 


FClOa  *  Fa 


?5*C.  to  560*0 ■  ^ 
nlokal  500  ata. 


F.Cl(0F)i 


Bo  raaotlon 


♦  '•  -nsikgit;;!' 


Oa'^a  *  CIO.  *  FClOa  ♦  Cl. 


BaClO.  ♦  Fa 

atalalaaa  at-al 


F.01(QF)a 


cioa.  rcio. 


KaMClO*  o  Fa 


atalalaaa  ataal 


IFaClOa 


FClOa.  nOa,  >aC,  HC..  ClOa.  F«0. 


AcalF^lO. 


rooa  taaparatura 


■FaClOa 


Saaa  aa  with  potaaalua  aalt 


ira«llIC10a  a  Fa 


aU-  and  trana-MTaCl*.  OO..  FRO..  BaO.  BOCl.  FClOa.  llaF. 


KaOOniOa  a  F. 


atalalaaa  ataal 


IIF.CF(OF).- 


CO.,  B.O.  FRO. 


(ira.OR).  K.»,  a  F. 


FROa,  RaO.  SIF. 


KOd  a  Fa 


■FaCFCf 


CFaOr  a  RF.  (40ar.t.)  a  KF 


ICOCR  a  Fa 


(RF.),0030.F  a  F,  (RF.),?Or 


C(^.  RFa,  ORa.  R.F. 


RFa  a  CFaOr  a  BOaF.  (quant.) 


(F30),anr030.F  a  F,  -j{2- 
"  25  C. 

0 


FC(Qr). 
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(ll)  Although  there  Is  an  effect  of  Impurities  on  the 
sensitivity  of  R  and  PPG,  It  Is  small.  Further¬ 
more,  the  Impurities  are  mainly  NF -containing  compounds. 

(ill)  The  sensitivity  of  the  trls-compound  (formed  upon 

fluorlnatlng  the  HZ  adduct  of  PPG)  Is  substantially 
dependent  upon  the  character  of  the  Z  group. 

(iv)  In  some  cases,  increased  purity  results  In  a  lower 
sensitivity  (e.g*. ,  R  and  PFG),  whereas  In  others, 
the  result  Is  an  Increases  sensitivity  (e.g.,  Delta). 

(v)  A  mixture'  or  condition  has  not  yet  been  found  which 
exhibits  an  outstandingly  lower  sensitivity. 

2.  Introduction 

(U)  The  objectives  of  this  work  have  been  two-fold; 

(l)  To  determine  the  degree  of  shock  sensitivity  of  NP 
compounds . 

(ll)  To  determine  whether  Impurities  Increase  or  decrease 
shock  .aenslt  Ity  of  NP  compounds. 

(U)  It  Is  believed  that  both  of  these  objectives  have  been  met 
and  were  accomplished  In  an  empirical  approach. 

(U)  The  NF  compounds  were  subjected  to  an  Impact  test  In  an 
"as  received"  or  Impure  condition,  and  again  after  the  materials 
were  purified  with  a  chromatograph  having  a  thermal  conductivity 
cell  detector. 

(U)  To  ascertain  the  purity  of  the  compounds,  an  analytical 
gas  chromatog.-aph  was  used  with  accessory  gas  sampling  and  vacuum 
line  apparatus.  The  analytical  chromatograph,  containing  h.\  elec¬ 
tron  capture  detector  whicii  waa  eapeciaiiy  aenaitive  to  organic 
halides,  was  ’sed  to  determine  the  extent  of  purification  obtained 
from  the  pr  ratlve  chromatographic  column.  Although  numerou' 
column  absoi-uents  were  !•  jstlgated,  slloxane  (FS-1265)  and  Kei-P 
8126  oil  In  30  percent  concentration  on  Chromosorb  W.  were  almost 
exclusively  used.  The  former  served  as  an  excellent  polar  sub¬ 
strate  and  the  latter  a  non-polar  absorbent.  Both  ''olumns  we' 
used  ••ith  any  single  NP  compound,  usually’ several  times.  Tht 
degree  of  purity  attained  was  estimated  to  be  greater  than  99. ,35^. 

To  obtain  a  more  accurate  figure  would  be  a  'very  lengthy  procedure 
b-.  •\use  of  the  number  of  calibrations  required  or  generally  unavall- 
aL_e  compounds. 

(C)  To  detfe.'t  .1  "he  Impact  .»  ,  ...ivity  of  a  sample,  a  apeclal 

comparative  method  was  employed  In  which  samples  of  the  NP2  compound 
were  sealed  Into  copper  capsules,  placed  In  a  specially  constructed 
anvil,  and  then  Impacted  with  the  dropped  weight  on  a  Bureau  of  Mines 


•  -239- 

CONFIDENTIAL 


CONFIDENTIAL 


Impact  tester.  The  test  capsules  were  fabricated  from  previously 
passivated  l/8  In.  OD,  soft  copper  tubing  by  using  a  Jig  to  cut 
and  crimp-seal  the  capsules  In  a  uniform  manner.  The  capsules 
were  fitted  with  <_■  Nupro  stainless  steel  valve  through  which  they 
could  be  loaded  by  condensing  the  volatile  NF2  compounds  from  the 
vacuum  line.  The  design  of  the  anvil  Insured  that  the  liquid  being 
tested  would  be  at  the  bottom  of  the  capsule  and  would  be  positively 
displaced  upon  Impact  compression.  The  test  capsuls  was  not  com¬ 
pletely  clcsed  following  Impact.  From  knowledge  of  the  experimental 
parameters,  It,  was  known  that  the  same  liquid  volume  of  sample  was 
condensed  In.to  the  capsule  each  time.  Unless  otherwise  noted,  the 
liquid  volume  used  In  the  Impact  test  was  O.OI6  ml.  The  Impact 
levels  reported  are  minimum  fire  levels,  that  Is,  the  level  at 
which  at  least  five  no-flres  were  recorded. 

(c)  Since  It  was  of  Interest  to  compare  data  obtained  by  this 
method  on  more  g  nerally  known  compounds,  three  such  compounds  were 
Included.  The  results  are  shown  In  Figure  99-  It  was  found  that 
DPF,  nitroglycerin  and  du  Font's  BDBD  would  detonate  In  the  range 
of  our  apparatus.  However,  In  order  to  get  DPF  and  nitroglycerin 
to  detonate  at  all,  the  volume  required  for  Impact  testing  had  to 
be  Increased  from  0. OI6  ml.  to  O.O5O  ml. 
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(c)  Pig.  99  -  Minimum  Fire  Levels  for  DPP,  Nltro,  and  BDBD 


3.  Experimental  Wo  !'  with  D.  "'''uoroamlno  Compounds  (c) 

(c)  Most  of  our  effort  Involved  a  detailed  examination  of  com¬ 
pounds  R  and  PPG.  Impact  data  were  obtained  on  these  impure  and 
highly  purified  compounds  and  most  of  the  Impurities  Identified. 
Table  XLIII  shows  that  data  on  compound  R  as  obtained  from  Minnesota 
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Mlnl’’^’  and  Manufacturing.  five  Impurities  were  Identified  as 

(1)  Comnound  H.  (F2N)-CM2,  (2)  FFF,  FsNCFNF,  O)  FC-4^,  (4)  FjNCFa- 
NCO,  (5)  CFaNFCFsNFs.  A  trace  of  a  sixth  Impurity  was  present  but 
has  not  been  Identified.  The  Impure  R  was  found  to  have  a  minimum 
Impact  level  about  2.5  times  lower  than  the  highly  purified  compoune . 


Table  XLIII 


(U)  Sensitivity  Data  on  R  and  PFO 


Property 

R 

PFG 

Source 

Minnesota  Mining 

American  Cyaramld 

Minimum  fire  level 
kg .  cm . 

and  Manufacturing 

96^  as  received 

92^  as  received 

Pure 

381 

258 

As  received 

150 

150 

(C)  In  Table  XLIII  are  shown  the  data  on  compound  PPG  received 
from  Amerloan  Cvanamid.  The  followlnK  impurities  were  Identified: 

(1)  NaO,  (2)  COa,  (3)  CP4,  (4)  NaF^ ,  (5)  FsN-CN,  (6)  PaNCFNa, 

(7)  F2NCF=NF,  (8)  FaNCPaNHP,  (9)  HNFa,  (10)  CFs=NP,  and  (ll)  PsN- 
CFsNCO. 

(U)  For  both  R  and  PFO,  the  Isolated  and  Identified  Impurities 
were  reinserted  singly  into  the  purified  material  to  determine  which 
Impurity  might  be  responsible  for  Initiating  the  detonations.  There 
were  Indications  that  PPF  might  in  some  way  affect  the  sensitivity 
of  R  and  PFG.  (In  early  work,  the  reinsertion  of  an  Impurity  frac¬ 
tion  containing  mainly  PFP  gave  an  Increased  sensitivity  to  pure  R. 

In  another  Instance,  Insertion  of  PFF  Into  PFO  gave  detonations  at 
lower  levels  than  pure  PFG).  However,  since  the  Impact  sensitivity 
of  PFF  was  determined  to  be  nearly  that  of  R,  the  effect  of  PFr  on 
the  sensitivity  Is  not  clear. 

(u)  In  addition  to  PFG,  and  R,  several  other  available  com¬ 
pounds  shown  In  Figure  100  were  Investigated.  With  the  exception 
of  trls -chloride ,  these  compounds  were  purified  chromatographlcally 
before  testing. 

(U)  Trls-chlorlde  could  not  be  pi  rifled  as  highly  an  the  others. 
Because  of  the  limited  supply  of  trls-azlde,  a  minimum  fire  level 
was  not  obtained.  The  impact  level  for  about  98^  as-received  Delta 
was  less  sensitive  tha  the  highly  purified  material  by  6  kg.  c  1. 
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for  Various  Dlfl^  iroamlno  Compounds 


(C)  The  Increasing  sens,  vlty  of  the  ci  ounds  as  the  r  )• 
gresslon  Is  made  from  compo  i  .1  to  compouna  i\,  to  -  xs  to 
be  noted.  It  had  been  conjectured,  by  analogy  to  tel  •  .iitromethane, 
that  Delta,  once  made,  would  be  less  sensitive  than  other  dlfluoro- 
amlno  compounds.  This  was  not  found  to  be  the  case, 

(U)  The  sensitivity  relation  between  trls-bromlde,  trls- 
chloride,  and  trls -fluoride  (compound  R)  Is  not  Immediately  clear. 
Until  more  Is  known  about  the  molecular  structure  and  potential 
functions  of  compounds  containing  such  highly  electronegative 
groups,  It  may  not  be  possible  to  clarify  this  apparent  anomaly. 

(U )  Several  additives  have  been  used  In  attempts  to  reduce 
the  Impact  sensitivity  of  PFQ  and  R.  Compounds  such  as  Ne?*,  NeO*, 
HP,  BF3,  and  NO  were  used  In  concentrations  of  10  volume  percent, 

A  major  decrease  In  the  Impact  sensitivity  was  not  achieved  by  any 
of  these  additives. 

E.  SUMMARY  AND  CONCLUSIONS  (U) 

(U)  The  studies  on  the  role  of  the  Impurities  In  the  shock 
senslclvlty  of  NF  compounds  have  shown  that  there  appears  to  be  no 
simple  solution  for  the  sensitivity  problem.  While  careful  purifi¬ 
cation  of  some  NF  compounds  did  reduce  their  sensitivity,  in  others 
there  was  an  Increased  sensitivity -with  purification.  The  addition 
of  certain  Inhibitors  also  did  not  decrease  their  sensitivity  to  a 
useful  level. 
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(C)  The  trls-halogen  conpoanhs  are  available  by  'Known  synthetic 
routes  and  appear  to  be  stable  on  storago.  However,  they  are  atypi¬ 
cal  in  their  reacto-oris.  They  fail  to  unuergo  tne  simple  displace¬ 
ment,  Grignard,  or  addition  reactions.  Although  reactions  occur 
wlt.n  slightly  acidic  compounds,  e.g.,  oximes,  the  reactions  can 
also  ‘'orm  rearranged  NF  products. 

(C)  There  now  appears  to  be  two  routes  open  Tor  further  investi¬ 
gation.  The  first  Involves  the  preparation  of  multiple  OF-contalnlng 
compounds;  e.g.,  C(0F)^,  C2(0F)6,  etc,,  for  which  no  synthesis  route 
is  presently  available.  The  shock  sensitivity  of  these  compounds  is 
presently  unknown.  The  second  route  Involves  the  preparation  of 
■Ixed  oxidizers  such  as  those  containing  two  or  more  of  the  groups, 
-NOc ,  NO2 ,  OF,  CIF4,  and  NF2 .  Such  a  product,  containing  both 
NO2  and  NF2 ,  is  reported  herein.  Because  of  the  limited  time,  this 
product  has  not  been  fully  examined;  however,  its  properties  seem 
to  warrant  further  investigation, 

(r)  Since  additional  stability  coulu  be  available  as  a  result 
of  the  crystal  lattice  energy,  ionic  crystalline  solids  snould  also 
be  investigated. 

(C)  S  .eral  e-  arlments  were  carried  out  tc  prepare  -U-NF2 
type  compounds  sta  .ng  with  the  reaction  of  PFG  ./1th  oximes.  None 
of  these  was  succe.  ful.  An  alternate  method  for  the  preparation 
of  an  O-NF2  compc  nd  might  be  '•'e  transformation  of  INFO-615  into 
trl?-0NF2  by  fir  '.nation,  -’r  pit)  were  readily  prepared.  To 

date,  only  one  1  .lod  is  known  lor  the  preparation  .»f  -0-NF2  com¬ 

pounds,  This  meonod  requires  the  corresponding  -OF  compound  as 
the  starting  material,  for  which,  again,  there  Is  no  known  suitable 
method  of  preparation.  However,  the  potential  energy  available 
in  a  compound  such  as  C(0-NF2)4  makes  It  highly  desirable  as  an 
oxidizer. 
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SECTION  V 

(U)  PHYSICAL  CHEMISTRY 


Work  by : 


.  Carr,  J.  Chao,  A.  T.  Hu,  B.  H.  Justice,  C. 
R.  A.  McDonald,  F.  L.  Getting,  E.  W.  Phillips, 
G.  C.  Slnke,  D.  R.  Stull,  A.  C.  Swanson,  A.  N. 
L.  C.  Walker,  and  S.  K.  Wollert 


C.  Karris, 

H.  Prophet, 
Syverud, 


A.  thermal,  MEASIRIEMSNTS  (U) 
1.  Heats  of  Formation  (U ) 


a.  Nltiogen  Trlfluorlde 

(U)  Nitrogen  trlfluorlde  has  proved  to  be  a  useful  oxidizer 
in  reaction  calorimetry.  The  technical  grade  material  on  hand 
contains  0.3^  NsO  and  1.8^  Ns.  A  batch  of  20  g.  was  purified  by 
low  temperature  codlstlllatlon.  Careful  analysis  of  this  sample  by 
Infrared  spectrometry  and  gas  chromatography  showed  NaO  and  SIP* 
content  to  be  leas  than  0.01^.  Mass  spectrometer  analysis  had 
earlier  (l)  been  Interpreted  as  0.05^  NaO  and  up  to  0.1^  SIP*  but 
It  now  appears  this  la  normal  background.  The  work  on  the  heat  of 
reaction  of  NFa  and  Ha  was  thei'efore  revised  once  more  with  the 
only  impurity  correction  being  0.02^  CP*.  Details  of  this  work 
have  been  published  in  the  open  literature  (22).  The  new  results 
are  : 


NP3(g)  +  V2  Ha(g)  +  369  HaO  3[HP-123  HaO]  +  1/2  Na(g) 

AE  =  -198.31  kcal./mole 

AH  =  -199-^9  kcal./mole 

In  order  to  calculate  the  heat  of  formation  of  NP3,  the  heat  of 
formation  of  aqueous  HP  Is  required.  Two  sets  of  values  have 
recently  been  published  (23,  24).  These  differ  by  about  one 
kcal./mole  and  current  opinion  is  that  the  best  value  Is  an  average 
of  the  two.  For  (HF'123  HaO)aq  this  yields  -76.9  kcal./mole,  and 
employing  this  value  gives  for  NP3  a  AHfa88(s)  =  -51*2  kcal./mole. 
This  will  be  used  In  subsequent  calculations  In  this  report. 

b.  Aluminum  Borohydrlde 

(U )  Details  of  measurements  on  the  heat  of  explosion  of 
mixtures  of  A1(BH*)3  vapor  and  NP3  have  been  performed  earlier 
in  1965  Iri  this  laboratory.  Since  then  new  Information  has  become 
available  r  the  heats  of  formation  of  the  products  (23)  AlPa^c) 
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and  BF3(g)  as  well  aa  the  reaclant*  NFafg).  The  dara  were,  there¬ 
fore,  recalculated  using  -J60.8  kcal./iTole  for  AlFafc),  -271-65 
kcal./niole  for  EF3(g),  and  -31-2  kcal./mole  for  Ni^aig).  Excess  NF3 
In  the  experiments  dissociated  to  N2  and  F.--;  the  new  value  I'or 
AEdi33oc  -30.6  kcal./inole.  The  fluorine  produced  by  dissocla- 
tion'^reac ted  to  some  extent  v;lth  Teflon  gaskets  used  in  the  bomb 
to  produce  CF4 .  Analysis  of  the  bomb  gases  lor  free  fluorine  indi¬ 
cated  not  all  the  CF4  could  have  been  formed  by  fluorine  reaction; 
therefore,  it  was  assumed  that  some  CF4  was  produced  by  decomposi¬ 
tion  of  Teflon  into  carbon  and  CF4.  This  was  evidenced  by  patches 
of  soot  on  the  gaskets  and  the  bomb  walls  near  the  gaskets.  The 
analytical  data  were  not  accurate  enough  to  exactly  define  the 
extent  of  each  reaction  and  the  best  estimate  was  that  50^  of  the 
CF4  was  due  to  each.  Infrared  spectrometer  analysis  showed  an 
average  of  0.00026  mole  CF4  per  A1{BH4)3  experiment  and  0.000038 
mole  CF4  per  comparison  experiment.  The  correction  for  fluorine 
reaction  with  Teflon  is  -123-7  kcal./;nole  of  CF4  formed  (26), 
while  the  heat  of  decomposition  to  carbon  and  CF4  was  calculated 
as  -24.8  kcal./mole  of  CF4.  The  total  correction  is  then  19-3 
calories  in  the  A1(BH4)3  experiments  and  2.8  calories  in  t.ie  com¬ 
parison  experiments.  The  uncertainty  introduced  by  these  correc¬ 
tions  is  about  ±5  kcal ./mole  in  the  heat  of  formation  of  A1(DH4)3. 

(U)  The  recalculated  experimental  results  are  given  in  Tables 
XLIV  aiid  XLV. 


Table  XLIV 


(U)  Heat  of  Explosion  of  Aluminum  Borohydrlde  - 
Nitrogen  Trlfluorlde  Mixtures 


Corrections,  Calories 


Run 

No. 

Total 

Cal. 

NF3 

Dlssoc . 

Teflon 

Attack 

Pt. 

Ign. 

Sample 

moles 

AEr 

kcal./mole 

IB 

-2492.1 

-65.4 

19.3 

3-3 

0,001454 

.W41.0 

2B 

-2488.9 

-65.3 

19-3 

6.4 

0.001457 

1735.4 

4B 

-2492.4 

-65-8 

19-3 

6.6 

0.001457 

1738.0 

5B 

-2495.2 

-65.9 

19.3 

6.0 

0.001456 

174c. 9 

6b 

-2487-0 

-66.1 

19-3 

6.0 

0.001453 

1740.1 

Average 

1759.1 

*See 

Section  A. 

l.a. 
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Table  XLV 


(U)  N: 

.trogen  Trl 

f Irorlde 

-  Hvdroe 

en  Cor.narlson 

r  Irr.c 

r*  *",3 

Correct 

Ions,  Calories 

Run 

No. 

Total 

Cal. 

NF3 

Disscc . 

Teflon 

Attack 

pt 

Ign. 

Moles 

H2  kcal./mole 

1C 

981.0 

-18.6 

2.8 

0.7 

0.008607 

115.7 

2C 

1004 . 7 

-14.1 

2.8 

0.6 

0.008710 

il6 . 6 

?c 

993.4 

-18.9 

2.8 

0.9 

0.  08694 

116.0 

5C 

1000.2 

-16.8 

2.8 

0.6 

0.006752 

115.8 

0 

1 

999.2 

-24.2 

2.8 

1.1 

0.008759 

116.7 

Average 

116.16 

Combining  the  average  values,  this 

yields : 

A1(BH4) 

3(2)  + 

4  NFj(£) 

A1F3(o) 

+  3  B?3 

(g)  +  6  H^fg) 

+  2  N2(g) 

=  -iC42 

.1  kcai. 

cH 

=  -1058 

.6  kcal. 

(c)  From  this  result  and  the  heats  of  formation  of  AIF3,  BF?, 
and  NF3  discussed  earlier,  there  Is  derived  for  Al(BH4)3: 

AHf°29a  [A1(BH4)3,1  =  -12.4  kcal./mole 

The  total  uncertainty  Is  estimated  as  not  more  than  10  kcal./mole 
Including  uncertainties  In  the  heats  of  formation  of  AIFt,  BF3, 
and  NF3 .  The  result  Is  In  reasonable  agreement  with  recent  work  at 
the  National  IXireau  Oi.  otanuai*us . 

c.  Hyballne  A-4  (U) 

(C)  Two  experiments  were  carried  out  In  which  A1(BH4)3  vapor 
and  (CH3)2NH  vapor  were  reacted  to  form  the  liquid  complex,  known 
as  Hyballne  A-4.  The  average  result  was  originally  reported  earlier 
this  year  as  -45  kcal./mole.  This  Included  a  correction  for  4^ 
hydrocarbon  which  was  believed  present  In  the  A1(BH4)3.  Later 
analysis  showed  no  hydrocarbon  to  be  present  and  the  revised  heat 
of  reaction  Is  -4l  kcal./mole.  Using  the  heat  of  formation  01 
-12.4  kcal./mole  for  A1(EH4)3  Just  dervlen  and  -4.5  kcal./mole  for 
(CH3)2N-  vapor,  there  Is  calculated  fo’’  liquid  Hyballne  A-4 
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irifsas  =  -57 ‘9  Iccal  ./r.ole .  This  Is  in  good  agreement  with  -5^-6 

kcal./mole  reported  earli-  r,  obtained  by  direct  acid  hydrolysis 
of  a  sample  of  Hyballne  .'i--*.  The  heats  of  formation  of  A1(BH4)3 
and  Its  dime  thy  lamlne  adcltlor.  product  are  new  reasonably  v;eli 
fixed,  h'o  further  work  Is  planned. 

d.  Hexaf luoroathylene  (d) 

(U)  To  further  develop  techniques  in  the  use  of  NF3  as  an 
oxidizer  In  calorlm.etry  as  well  as  to  better  define  the  thermo¬ 
chemistry  of  C2Fa,  the  .heat  of  reaction  of  NF3  and  C2Fe  was 
determined.  An  account  of  this  work  has  been  accepted  for  pub¬ 
lication  In  the  Journal  of  Physical  Chemistry.  The  final  result 
Is  repeated  here: 

C2Fa(g)  +  2/3  NF3{g)  2  CF^{g)  +  1/3  N2(g) 
iHp29a  =  -103*9  kcal./mole 

(U)  Accurate  heats  of  form.ation  cannot  be  calculated  because 
of  the  uncertainty  In  HF(aq  )  and  CF4(g),  but  a  test  for  consistency 
can  be  made  using  the  latest  NBS  values  (24),  Using  this  reference j 
bH£2ge(g)  =  -31S.2  xcal ./m.ole ,.  Tschulkow-Roux  (27)  measured  the 
(CF3-CF3)  dlssoc.latlon  energy  as  93  ±  ^  kcal.  by  direct  observation 
In  a  shock  tube.  Combination  of  these  data  yields  for  the  CF3 
radical  a  AH£23a  =  -112.6  kcal./m.ole.  Recent  work  on  the  (CF3-H) 
dissociation  energy  has  been  sumjr.arlzcd  by  Tarr,  Coom.ber,  and 
Whittle  (28)  who  selected  IO5  ±  1  kcal./m.ole.  Combination  of  this 
with  the  heat  of  formation  of  CHF3(g)  for  the  CF3  radical  a 
bH^asa  =  -111.6  kcal./mole,  in  excellent  agreement  with  the  value 
based  on  our  heat  of  formation  of  CaFo.  These  results  are  of 
theoretical  Interest  as  well  as  better  defining  thermal  data  for 
the  JANAF  Thermochemical  Tables.  Techniques  developed  for  this 
problem  should  prove  useful  In  determining  heats  of  formation  of 
any  volatile  C-H-F-N  compound. 

e.  INFO-635  (U) 

(C)  The  heat  of  formation  of  INFO-635  was  determined  by 
mpasurin.g  the  heat  of  combustion  of  a  methanol  solution  as  well  as 
the  heat  of  solution  In  methanol.  The  final  result  Is  : 

AHf238  (INF0-635»  c)  =  -114.8  kcal./mole 

This  value  Is  In  good  agreement  with  work  reported  by  Minnesota 
•MlnlPig  and  Manufacturing  Company  and  by  United  Aircraft  Company. 
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f.  Bis  [trls  (dlfluoroamlno)  methyl]  Urea  (BTU)  (C  ) 

(U)  The  BTU  was  supplied  to  us  by  the  American  Cyanamld 
Company  (29)  In  a  halocarbon  wax  medium.  The  directions,  supplied 
by  the  above  Company,  necessary  for  purification  of  this  product 
were  followed  In  general,  l.e.,  extraction  with  n-hexane  followed 
by  sublimation.  Best  results  were  obtained  by  subllnilr.g  the  BTU 
onto  a  gold  or  platinum  foil  thimble  at  a  pressure  of  1-2  microns 
and  at  an  oil  bath  temperature  of  110°C.  After  sublimation,  all 
transfer  work  was  carried  out  In  a  dry  box  having  a  low  oxygen  and 
water  vapor  content. 

(Uj  Because  BTU  Is  explosive  and  hygi’cscoplc,  a  suitable  tech¬ 
nique  hL-d  to  be  developed  for  obtaining  accurate  sample  weights.  The 
thimble  and  deposited  BTU  were  transferred  In  a  dry  box  from  the 
sublimation  apparatus  to  a  weigh  bottle  with  a  ground  glass  stopper- 
The  dry  box  pressure  was  adjusted  close  to  that  of  the  outside  at¬ 
mosphere,  the  weigh  bottle  was  closed  and  placed  In  a  spare  com¬ 
bustion  bomb  which  was  then  also  closed  and  removed  from  the  dry 
box.  An  analytical  oalante  was  available  which  had  a  wire  connected 
to  one  arm.  The  wire  passed  through  a  hole  In  the  balance  floor  In¬ 
to  an  enclosure  below  the  balance  table.  The  spare  combustion  bomb 
was  opened,  the  weigh  bottle  hung  on  the  wire,  and  the  weight  re¬ 
corded  as  a  function  of  elapsed  atmosphere  exposure  time.  The 
bottle  was  then  returned  to  the  bomb  which  was  In  turn  locked  Into 
the  dry  box  along  with  a  calorimetric  platinum  lined  combustion 
bomb.  The  thimble  and  deposited  BTU  were  transferred  to  the  calorl- 
rrptric  homh  whioh  was  then  closed.  .^  taro  v.’clght  was  obtained  on 
the  empty  weigh  bottle  In  the  same  fashion  as  described  for  the 
sample.  Repeating  ti..  y^ie  three  times  each  for  the  full  and  empty 
weigh  bottle  Indicated  a  reprodvclblllty  of  0.1  mg.  In  the  same 
weight.  Weights  were  corrected  to  mass  In  vacuum  using  a  density 
of  1.’88  g./cc.  for  BTU. 

(U)  The  calorimetric  bomb  containing  the  thimble  and  deposited 
ETU  was  attached  to  a  vacuum  line  and  evacuated.  High  purity  hy¬ 
drogen  was  then  charged  to  the  bomb  to  a  pressure  of  800.0  mm.  The 
bomb  was  then  placed  In  a  calorimeter.  One  valve  stem  had  been  re¬ 
placed  by  a  length  of  l/8"  stainless  steel  tubing  and  a  Hoice  needle 
valve;  the  tubing  projected  through  the  lid  ol  the  calorimeter  so 
tiial  the  needle  valve  was  outside  the  calorimeter  and  could  be  con¬ 
nected  to  a  cylinder  of  oxygen.  After  Initial  drift  rate  readings, 
the  needle  valve  was  opened  and  the  bomb  charged  with  oxygen  to  a 
tota]  pressure  of  5  atm.  The  valve  was  closed  and  the  mixture  Ignited 
by  an  electrically  heated  fuse  wire.  The  explosion  of  the  hydrogen- 
oxygen  mixture  set  off  the  BTU.  The  heat  of  the  overall  reaction 
was  measured.  The  addition  of  oxygen  Just  prior  to  Ignition  was 
necessaiy  because  hydroeen  and  oxygen  react  slowly  In  a  platinum 
lined  bomb.  To  eliminate  the  effects  of  this  oxygen  charging, 
comparison  lOins  were  made  In  which  hydrogen  but  no  BTU  was  charged 
to  the  bomb.  Oxygen  was  added  Just  as  in  the  BTU  experiments  and 
the  heat  f  the  explosion  measured. 
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(U)  After  the  calorimetry,  50  nil.  of  water  was  forced  Into 
the  bomb  and  the  bomb  was  shaken  to  wash  down  the  walls  and  lid. 

The  gaseous  combustion  products  were  analyzed  for  COa  by  passage 
through  magnesium  perchlorate  and  absorption  In  Ascarlte.  Samples 
of  the  gas  after  passage  through  the  absorption  train  showed  no 
detectable  CP4  by  mass  spectrometry.  A  trace  of  CP4  was  observed 
b'’  Infrared  In  both  the  BTU  and  the  comparison  experiments;  this 
was  attributed  to  reaction  of  Teflon  gaskets,  and  any  effect  can¬ 
celled  out.  The  solution  remaining  In  the  bomb  was  analyzed  for 
total  acidity,  fluoride,  and  nitrate. 

(U)  The  calorimeter  was  calibrated  by  combustion  of  NBS  benzoic 
acid  59  !•  An  average  of  0.254  g.  was  used,  the  bomb  volume  was 
0.55  1*1  the  Initial  pressure  50  atm.  of  oxygen,  and  1  ml .  cf  water 
was  added.  At  25‘’C.  the  heat  of  combustion  under  these  conditions 
was  calculated  as  6517-24  cal./g.  mass.  Three  determinations  agreed 
within  +1.9  cal./^C.  The  calorimeter  equivalent  adjusted  to  ex- 
perlmen'tal  conditions  was  calculated  for  each  individual  experi¬ 
ment  . 


1056 


Pour  acceptable  comparison  experiments  gave  an  average  of 
cal ./experiment,  with  a  maximum  deviation  of  I.06  cal.  and 


an  average  deviation  of  O.67  cal. 


(U)  K‘;sults  of  the  BTU  experiments  are  listed  In  Tabic  XLVI. 

The  corrected  temperature  rise,  calorimeter  equivalent,  and  sample 
mass  need  no  furlh*‘»’  explanation.  The  "volume  correction"  allows 
for  the  hydrogen  dlopisced  by  the  thimble  and  the  BTU.  The  ''vapor 
correction"  allows  for  the  difference  In  vapor  pressure  of  the  pure 
water  formed  In  comparison  experiments  and  the  HP  solutions  formed 
In  the  BTU  experiments.  Vapor  pressure  data  for  this  correction 
are  from  Brosheer  et  al.  (50).  Heats  of  vaporization  of  water  and 
HP  were  ta.ken  as  10  and  11  kcal./mole,  respectively.  The  "dilution 
correction"  allows  for  adjustment  to  a  final  state  of  HPOHzO,  and 
the  "HNO3  correction"  allows  for  formation  of  nitric  acid  from 
oxygen,  nitrogen,  and  water.  The-  "C2P4  correction"  allows  for  slight 

•r#»nr*t'1nn  nf  T'of’inn  froalrot**!  PH-  Tn? 


reaction  was  caloulated  from  the  COz  analysis  and  the  sample  weight. 
The  total  CO2  found,  less  the  theoretical  amount  from  the  sample, 
gave  the  amount  due  to  Teflon  reaction.  The  assumption  of  Teflon 
reaction  was  tested  In  one  BTU  experiment  by  placing  an  extra 
unprotected  Teflon  washer  In  the  bomb.  A  large  excess  of  CO2  over 
the  calculated  amount  from  BTU  was  recovered  and  the  washer  was 
almost  completely  consumed.  CP4  was  also  found  In  the  product  gas 
from  this  experiment.  Prom  Table  XLVI  the  average  -  AEc/M  is  2004 
cal./g.  with  a  standard  deviation  of  5  cal./g.  It  should  be  noted 
that  all  runs  except  the  last  were  made  on  freshly  sublimed  samples. 


The  last  run  Involved  a  sample  which  was  stored  for  over  a  week. 
Further  work  would  be  needed  to  determine  If  the  rather  low  value 
for  this  run  was  due  to  decomposition  or  reaction  during  storage. 
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Tfeble  XLVI 


(U)  Pie  Heat  of  Combustion  of  BTU 

Sample  Cor  I’ction,  cal. 

Mass - ^ - 

g.  Vol.  Vapor 


Calor. 
At  Equlv. 
•C.  cal./’C. 

0.43590  -3169.7 
0.41358  .3170.6 
0.43171  -3170.6 
0.43134  -3170.6 
0.44675  -3170.6 


0.1664 

-0.47 

.1.71 

0.1334 

-0.42 

1.4l 

0.1607 

.0.36 

1.65 

0.1602 

-0.36 

1.67 

0.1860 

-0.38 

1.86 

Dll'n. 

HNOa 

-0.44 

4.97 

6.03 

-0.15 

3.41 

2.20 

-0.33 

4.36 

3.28 

-0.33 

4.86 

2.05 

-0.79 

5.91 

3.63 

Net 

Cal. 

•  AE*c/M 

-333.0 

2001 

-36'^.7 

2007 

-323.3 

2012 

-322.9 

2016 

-369.4 

1986 

Average 

2004 

( C)  Employing  a  molecular  weight  of  394.08,  there  Is  derived: 


C3H2Pi2N80(c)  +  4l  H20(1)  -*  12(HF-3H20)  +  3  C02(g)  4  N2(g) 

AE  =  -789.74  kcal. 


An(ga3)  =  +7  moles 
AH  =  -7S5.59  kcal. 

Uncertainty  =■  2  0  =■  4  kcal. /mole 

(U)  The  heat  of  formation  depends  on  the  value  for  HP(aq),  as 
shown  In  Table  XLVII.  Values  based  on  work  reported  by  American 
Cyanamld  Company  are  given  for  comparison.  The  difference  Is  larger 
than  the  combined  uncertainties  by  about  15  kcal.  We  are  unable 
to  account  for  the  discrepancy. 


Table  XLVII 


( U)  Heat  of  Formation  of  BTU  Using  Selected  Auxiliary  Data 


AHf2 

gs>  kcal. /mole 

NBS 

Circular  500 

Technical 
Note  :.'70-l 

Current 
Best  Value 

Dow 

-99.6 

-'x. ./ 

-73.7 

Mraerlcan  Cyanamld 

-85.8 

-93.4 

-100.4 
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2.  High  Temperatarc  Enthalpies  (U ) 

a.  Thermodynamic  Properties  and  Allotropy  of  Beryllium  Chloride 
from  13  K.  to  750^k7 


The  investigation  of  beryllium  chloride  has  bee  i  completed 
this  year. 

The  heal  capacities  of  the  a'  and  3  forms  of  beryllium 
chlorine  have  been  measured  in  an  adiabatic  calorimeter  from  l^^K. 
to  304®K.  The  absolute  entropy  at  298.15'’K,  Is  19. ±  O.Ob 
cal. /(mole  ’’K.)  for  the  a'  form  and  l8.12  ±  0.05  cal  ./(mole^K . ) 
for  the  3  form. 

Using  a  copper  block  drop  calorimeter,  enthalpies  were 
detf.'rm.lncd  for  the  3  form  {relative-  to  the  3  form)  from  298‘’K.  l.o 
GyC^K.,  the  a  form  (relative  to  the  a'  form)  from  676®K.  to  688‘’K., 
and  the  liquid  (relative  to  the  a'  form)  from  688®K.  to  715°K.  The 
a'  form  and  the  a  fom  are  considered  to  be  identical.  The  heat 
of  the  a-3  transition  at  676®K.  was  calculated  to  be  1490  ±  I50 
cal, /mole.  The  heat  of  fusion  of  the  a  form  at  688®K.  was  found 
to  be  2070  ±  60  cal  ./mole. 

The  heat  of  the  c -0  transition  was  earlier  reported  erro- 
neouciy  as  1320  ±  100  cal ./mole.  This  changes  the  Table  of  Thermo¬ 
dynamic  Functions  above  676'’K.  and  corrected  values  are  given  in 
Table  XLVIII  presented  here. 

A  schematic  phase  diagram  was  proposed. 
b.  Thermodynamic  Properties  of  Aluminum  from  298°K.  to  l650°K. 

Published  values  for  the  enthalpy  and  heat  capacity  of 
liquid  aluminum  are  widely  discordant  and  cover  only  a  small  part 
of  the  liquid  temperature  range.  There  Is  also  some  uncertainty 
In  the  value  of  the  heat  of  fusion  of  aluminum.  This  work  was 
undertaken  to  obtain  more  definitive  data  and  to  extend  the  measure¬ 
ments  on  liquid  aluminum  to  higher  temperature. 

Cycllndrlcal  samples  were  machined  from  high  purity  alu¬ 
minum  purchased  from  th?  United  Mineral  and  Chemical  Corporation. 
Spectrographlc  analysis  detected  only  2.0  ppm.  SI,  1.8  ppm.  Pe, 
and  2.1  ppm.  Cu. 

Two  crucibles,  one  of  titanium  dlborlde  and  one  of  boron 
nitride,  were  used  to  contain  the  aluminum.  An  X-ray  diffraction 
analysis  of  a  titanium  dlborlde  crucible  manufactured  by  the 


-251- 

UNCLASSIFIED 


UNCLASSIFIED 


T.iblo  XI.VIII 

(jaL.T^etTTiodynainlc  Functloni^  of  «'-BervlIlum  ChlorlriP^ 


T 

“K. 


13 

15 

20 

25 


Cp 

cal. /(mole  °K.) 

0.476 

0.641 

1.114 

1.605 


3“ 

cal. /(mole  °K.) 
0. 162 

0.241 

0.489 

0.790 


0.040 

0.062 

0.136 

0.236 


%-Ho 
cal ./mole 

1.6 

2.7 

7.1 

13.9 


30  2.130 

35  2.689 

4o  3.217 

^*5  3.718 

50  4 . 202 


1.129 

1.499 

1.893 

2.301 

2.717 


0.356  23.2 
0.493  35.2 
0.643  50.0 
0.804  67.3 

0.975  87.1 


60 


70 

80 

9C 


4.691 

5.144 

5.968 

6.747 

7.5^1 


3.141 

3.569 

4.425 

5.273 

6.109 


1.152  109.4 
1.336  134.0 
1.716  189.6 
2.108  253.2 
2.506  324.3 


100 

8.045 

no 

a. 619 

12c 

9.189 

130 

9.74 

140 

10.26 

150 

10.76 

160 

11.24 

170 

11.68 

180 

12.07 

ISO 

12.46 

200 

12.80 

210 

13.14 

220 

13.46 

230 

13.74 

240 

14.01 

250 

14.28 

260 

14.55 

270 

14.81 

273.15 

14.89 

280 

15.06 

290 

15.31 

298.15 

15.50 

300 

15.54 

310 

15.76 

6.925 

7.719 

8.494 

9.251 

9.992 


10.72 

11.43 

12.12 

12.80 

13.46 


l4.ll 

14.74 

15.36 

15.97 

16.56 


17.14 

17.70 

18.26 

18.42 

18.80 


19.33 

19.76 

19.85 

20.37 


2 . 90? 
3. 3o9 
3.709 

*  xv,/w 

4.500 

4.891 

5.277 

5.659 

6.037 

6.411 


401.8 

485.1 

575.2 

uoo.i# 

768.9 
874.0 

984.1 

1099 

1218 

1340 


6.780  1466 
7.144  1596 
7.504  1729 
7.859  1865 
8.209  2004 


8.554  2145 

8.895  2290 
9.232  2436 
9.336  2484 
9.564  2586 

9.891  2736 
10.16  2863 
10.22  2892 
10.53  3048 
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Table  XLVII  (Contd.) 


T  Cp  S“  -PT-Ho)/T  Ht-Hq 

■  cal ./  mole  °K. )  cal. /(mole  °1C.)  cal  ./(mole  °K. )  cal  ./mole 

9-a-Llquld  Ber-ylllum  Chloride*’ 


13 

0.209 

0.898 

0.011 

0.7 

15 

0.300 

1.208 

0.020 

1.2 

20 

0.600 

1  .546 

0.055 

3.4 

25 

i.008 

1.904 

0.106 

7." 

30 

1.499 

2.274 

0.173 

13.6 

35 

2.038 

2.654 

0.257 

22.5 

40 

45 

2.610 

3.138 

■3.433 

4.217 

34.1 

48.5 

50 

3.647 

4.995 

0.595 

65.4 

55 

4.137 

5.761 

0.730 

84.9 

6o 

4.6o6 

6.514 

0.875 

106.8 

70 

5.496 

7.252 

1.185 

157.4 

8o 

6.259 

7.977 

1.515 

2i6.2 

90 

6.951 

8.688 

1.853 

282.3 

100 

7.595 

9.385 

2.21c 

255.1 

110 

8.202 

10.07 

2.567 

434.1 

120 

8.771 

10.73 

2.927 

519.0 

9044 

11.38 

3.288 

609.6 

l4o 

9.857 

12.02 

3.648 

705.6 

150 

10.33 

12.65 

4.008 

806.6 

l6o 

10.78 

13.26 

4.365 

912.1 

170 

l8o 

11.21 

13.86 

4.720 

1022 

11.62 

14.45 

5.072 

1136 

190 

12.02 

15.02 

5.421 

]254 

200 

12.38 

15.58 

5.767 

1377 

210 

12.73 

16.13 

6.110 

1502 

220 

13.03 

16.67 

6.448 

1631 

230 

13.32  . 

16.83 

6.782 

1763 

240 

13.60 

17.19 

7.115 

1897 

250 

13.86 

17.71 

7.442 

2035 
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Table  XLVII  (Contd.) 


T 

Op 

0 

-(^-Ho)A 

Ht-Ho 

*K. 

cal./(molG  “(C.) 

cal. /(mole  ®K.i 

'al./fmole  “K.) 

cal. /mole 

260 

I'*.!! 

16.13 

7.766 

2l'-5 

270 

1  .  34 

I--.67 

8.086 

2317 

273.15 

*-.4l 

16.63 

8.186 

2362 

?80 

1'<.56 

17.19 

8.4:2 

2461 

^90 

14.76 

17.71 

«.714 

2608 

29S.15 

14.9? 

18.12 

fa.  965 

2729 

300 

14.96 

18.71 

9.022 

2756 

350 

15.76 

20.58 

10.51 

3525 

J400 

16.4? 

22.73 

11.9") 

4330 

450 

16.96 

24.69 

13.22 

5166 

500 

17.40 

26.50 

14.46 

6024 

550 

17.78 

28.18 

15.63 

6904 

600 

18.12 

29.74 

16.74 

7801 

wyv 

^0  hh 

AW  •  TT 

OA 

>  A  •  «.w 

17.80 

8715 

676(9) 

18.60 

31.?' 

18.33 

9197 

676(a) 

19.39 

34. i 

18.33 

10687 

680 

19.41 

34.25 

18.42 

10764 

684 

19.42 

34.3^ 

18.51 

1084? 

688(a) 

19.44 

34.47 

18.60 

10920 

688(1) 

29.02 

37.48 

18.60 

12990 

700 

29.02 

37.99 

18.94 

’3338 

75c 

29.02 

39.99 

20.27 

14789 

^0  retain  Internal  consistency,  seme  of  the  values  In  this  role 
are  Riven  to  more  places  than  would  be  Justified  by  e.^peelmental 
accuiacy. 

^’Molecular  weight,  79,927. 
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National  Carbon  Company,  Division  of  Union  Carbide  Corporation, 
revealed  the  only  crystalline  phase  present  In  detectaole  amounts 
to  be  TlBa.  Srectrop:raphlc  analysis  Indicated  the  presence  of 
0.02^  Al,  -%  Cr,  1.2^  Fe,  0.07^  Mo,  and  0.04^  V. 

Two  crucibles  of  boron  nitride  were  obtained  from  Cerac, 
Incorporated.  A  glace  was  found  on  the  first  crucible  after 
measuring  Its  enthalpy.  The  glaze  contained  boric  acid.  Identified 
by  X-ray  diffraction,  and  was  soluble  In  methanol.  Undoubtedly 
boron  oxide  Is  present  In  the  boron  nitride,  either  as  an  Impurity 
or  as  part  of  a  proprietary  oxide  binder. 

Extraction  of  the  boron  nitride  crucibles  and  covers  with 
A.C.S.  grade  methanol  In  a  Soxhlet  extractor  for  22  hours  resulted 
In  a  weight  loss  of  11%  to  12^.  This  eliminated  che  glazing  and 
lowered  the  enthalpy  of  the  crucible,  but  the  treatment  was  not 
sufficient  to  remove  all  of  the  boron  oxide  as  shown  by  subsequent 
reaction  with  the  aluminum  sample. 

The  enthalpy,  Hm  _  Haga.is*  was  measured  In  a  copper  block 
calorimeter  previously  described  (jl). 

The  first  titanium  dlborlde  crucible  with  cover  (8.756  g.) 
was  sealed  In  a  platinum  -  10^  rhodium  alloy  capsule  (15.029  g.) 
by  arc  welding  under  helium  at  about  8  cm.  mercury  pressure.  The 
enthalpy  of  the  empty  crucible  v.'as  determined,  but  the  top  and 
bottom  of  the  crucible  stuck  to  the  metal  capsule  and  therefore 
It  was  not  used  again.  An  aluminum  cylinder  (6.072  g.)  was 
contained  In  the  second  titanium  dlborlde  crucible  (12.55^  g.) 
sealed  In  a  platinum  -  rhodium  capsule  (14.406  g.)  for  the 
first  series  of  measurements  on  aluminum.  This  series  ended 
when  the  crucible  cracked,  allowing  molten  aluminum  to  attack 
the  capsule. 

Additional  titanium  dlborlde  crucibles  could  not  be 
purchased  and,  upon  the  advice  of  Dr.  William  B.  Prank  of  the 
Alcoa  Research  Laboratories,  boron  nitride  was  selected  as  the 
crucible  material  for  further  experiments. 

One  of  the  methanol  extracted  boron  nitride  crucibles, 
with  cover,  weighing  5.5^^  g.,  ''fas  sealed  In  a  14.728  g.  platinum  - 
10^  rhodium  alloy  capsule  for  the  empty  crucible  runs.  For  the 
second  series  of  aluminum  enthalpy  measurements,  5-869  g.  Al, 

5-556  g.  BN  crucible,  and  14.962  g.  capsule  were  used.  The 
second  series  of  measurement?  was  tormlnated  when  corrosion  of 
the  capsule  became  evident.  The  capsule  was  opened.  The  area 
of  attack  of  the  capsule  was  located  at  the  Juncture  of  the 
crucible  and  Its  cover.  Tiere  was  also  a  blackening  of  the  Inner 
wall  of  the  boron  nitride  crucible  and  some  coating  of  parts  of 
the  aluminum  slug.  X-Ray  diffraction  analyses  have  Identified 
9  A1203-2  B2O3,  AIN,  a-Al203,  and  HgBOa  In  the  reaction  products. 
Evidently  not  all  of  the  boron  oxide  had  been  removed  from  the 
boron  nitride  by  the  methanol  extraction. 
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After  mechanically  cleaning  the  aluminum  sample  slug,  a 
hydrogen  gas  evolution  analysis  Indicated  that  at  least  98.5%  of 
the  original  aluminum  sample  still  was  present  as  aluminum  metal 
after  the  final  measurement. 

Even  though  the  titanium  dlborlde  crucible  was  not  pure 
titanium  boride,  the  observed  enthalpy  Is  In  agreement  with  the 
data  of  Walker,  Ewing,  and  Miller  (32)  who  Indicated  a  sample 
purity  of  99.7%i  and  with  values  given  be  Mexakl ,  Tllleux,  and 
Barnes  (33).  There  Is  also  reasonable  agreement  with  the  work  of 
Osment  (3^)  up  to  about  l650°K.  The  observed  enthalpies  of 
"titanium  dlborlde,"  Table  XLIX,  were  smoothed  as  suggested  b 
Shomate  (35)  to  obtain  the  values  In  Table  L.  Figure  101  and 
Table  XLIX  show  the  pei’oent  deviation  of  the  observed  values  from 
the  smoothed  data . 

The  enthalpy  of  the  extracted  boron  nitride  crucibles  was 
found  to  be  somewhat  higher  (2.5%  maximum)  than  published  values 
(36)  up  to  about  1500“K.  This  Is  attributed  to  the  presence  of 
Impurities  In  the  boron  nitride  crucible. 

The  observed  enthalpy  data  for  aluminum  are  listed  In 
Table  LI.  The  heat  content  of  the  solid  aluminum  was  about  32% 
of  the  total  heat  measured  In  the  titanium  dlborlde  crucible 
series  and  about  40%  of  the  total  In  the  boron  nitride  crucible 
series.  With  liquid  aluminum  the  proportion  Is  somewhat  more 
favorable  at  about  40%  and  46%,  respectively. 

Rough  average  heat  capacities  of  solid  aluminum  were 
obtained  at  50'’C.  Intervals  from  the  "best  curve"  of  a  large 
scale  enthalpy  vs.  temperature  plot.  The  rough  heat  capacities 
werethen  graphically  smoothed,  taking  Into  account  the  low  tempera¬ 
ture  heat  capacity  studies  of  Glauque  and  Meads  (37)  [lowered 
slightly  to  apply  to  the  multicrystalline  state  as  Indicated  by 
the  work  of  Maler  and  Anderson  (38),  and  Griffiths  and  Griffiths 
(39))"  The  smoothed  heat  capacities  at  20®C.  Intervals  were  then 
Integrated  by  a  computer  to  obtain  the  smoothed  enthalpies  given 
In  Table  LII.  Deviations  of  the  observed  from  the  smoothed  data 
are  shown  In  Table  LI  and  Figure  102. 

Also  shown  In  Figure  102  are  the  values  from  Awbery  and 
Griffiths  (40),  Eastman,  Williams  and  Young  (4l),  Glaser  (42), 
Kendall  and  Hultgren  (43),  Magnus  (44),  Naccarl  (45),  Satoh  (46), 
Tllden  (47),  Umlno  (48),  and  Must,  Meuthen,  and  Durrer  (49).  The 
smoothed  data  are  In  general  agreement  with  Awbery  and  Griffiths, 
Eastman  et  al.,  Kendall  and  Hultgren,  Satoh,  and  Wust  et  al.  The 
rest  found  generally  lower  values.  ’The  evaluations  of  Kelley  (50), 
which  were  adopted  by  Stull  and  Slnke  (5l)i  and  of  Hultgren  et 
al.  (52),  are  only  slightly  lower  than  the  smoothed  enthalpies 
presented  here,  except  near  the  melting  point  where  the  deviation 
Increases  to  about  one  percent. 
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Table  XLIX 


■,’7) 

Cb.-.'.rvt'd  Enthalpy  ol' 

T1‘ anlum 

Dlborldi-^i, 

T, 

Hm.H  Deviation  from  Smo..th  ' 

T  "296.  15 

"K. 

cal ./mole 

cal ./mol- 

;26.7 

320.  1 

+10 

+'  .  It 

1.769 

^  X 

-O.Ol 

1,622 

+4 

+0.22 

'^53.  C 

3,463 

-11 

-0.31 

v,.7.8 

5,2c6 

+10 

+0. 19 

b(- 1 

6,742 

-10 

-0.14 

sqo.o 

9,082 

+26 

+0.29 

95'^- 7 

10,155 

-37 

-0.30 

970.4 

10,478 

+2 

+0.02 

1,072. 1 

12,373 

+77 

+O.03 

1,155.5 

13,821 

+21 

+0.15 

1,246.7 

15,'tl9 

'33 

-0.21 

1,305.7 

16,453 

-87 

-0.52 

1,320.5 

16,770 

-40 

-0.24 

1,385.1 

17,991 

-7 

-0.04 

1,^57. 2 

19,3'^6 

+8 

+0.04 

1,544.0 

20,9^44 

-8 

-0.04 

1,642.3 

22,926 

+126 

+0.55 

1,765.6 

25,176 

+32 

+0.13 

®Not  greater  than  95.7^  pure. 

b,. 

Gram  mo 

le  wt.  =  69.54. 

Table 

L 

(U) 

Smoothed  Enthalpy  of 

'  Titanium 

Dlborlde®. 

T, 

"K. 

Hm-Haga .  ig 

ca 1 ./mole 

T, 

"K. 

H/p-HaoB .  1 5 

ca 1 ./mole 

298.15 

0 

1,100 

13,800 

300 

19.47 

1,200 

14,010 

4  00 

1,210 

1,300 

10,431 

500 

2,608 

1,400 

18,272 

DOO 

^4,  152 

1,500 

20,120 

700 

5,791 

1,600 

22,005 

600 

7,492 

1,700 

2;,  89-4 

900 

9,233 

1,800 

25,806 

1,000 

11,005 

^Not  greater  than  95-7/?  pure. 
^Gram  mole  wt.  »  69 .5^- 
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200  400  600  800  KXX)  1200  1400  1600  1400 


(U)  Fig.  101  -  Deviation  of  Enthalpy  of  Titanium 
Dlborlde  from  Smoothed  Curve  up  to  iSOO^K. 
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Table  LI 

(U)  Obaerved  Enthalpy  of  Aluminum^ 


T, 

"K. 

HT-H29e . 13 

cal ./mole 

Deviation  from  Smooth  Curve 

cal. /mole 

_1_ 

365.8 

380.9 

-19 

-4.75 

426. 0*^ 

762.4 

-  9 

-1.17 

431.  l^’ 

S2I.6 

+20 

+2.49 

486.7 

1,137 

-17 

-1.47 

528. 9*^ 

1,459 

+30 

+2.10 

595.6 

1,852 

-18 

-0.96 

656. 8^" 

2,301 

+18 

-0.79 

727.5° 

2,776 

-  4 

-0.01 

762. 1^^ 

2,990 

-36 

-1.19- 

775. 6^" 

3,137 

+15 

+0.48 

777.1 

3.111 

-22 

-0.70 

805.5^ 

3,351 

+  10 

+0.30 

870. 7*^ 

3,867 

+36 

+0.94 

895.4^ 

3,966 

-60 

-1.49 

909.1 

4,114 

-21 

-0.51 

920.8 

4,265 

+36 

+0.85 

(933.0) 

(n.p, ) 

— 

941.4 

6,974 

+22 

+0.32 

998.6^ 

7,342 

-43 

-0.58 

l^Oll.S^’ 

7,500 

+17 

+0.22 

1,081.0^ 

7,980 

-30 

-0.38 

1,097.3 

8,152 

+14 

+0.17 

1,208. 4^* 

9,027 

+50 

+0.55 

1,244.9 

9,247 

-  8 

-0.08 

1,384.2 

10,298 

-14 

-0.13 

1,512.1 

U,254 

-28 

-0.25 

1,647.2 

12,328 

+21 

+0.1Y 

®uram  atomic  wt.  »•  26.98 

^Aluminum  contained  In  T1B2  crucible.  Othera  (without  ouper- 
Bcrlpt)  In  EK  crucible. 

^^Last  "drop"  In  BN  crucible. 
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DEVIATION  FROM  SMOOTHED  CURVE 
O  THIS  WORK,  TiBt  CRUC  •  MAGNUS 

•  THIS  WORK.  BN  CRUC. 

•  TILOEN 


_ •  NACCARI 

%  DEVIATION  )•  SATOH 
- GLASER 


•2 


•3 


•4 


fTAWBERY  a  GRIFFITHS 
a  EASTMAN.WILLIAMS  a  YOUNG 
0  UMINO 

W  WUST.MEUTHENaOURREf? 

W  KENDALL  a  HULTGREN 


•e 


e 


a 


TEMPERATURE, »K  j 


’A*" 


200  300 


400 


VO 


COO 


700 


BOO 


BOO  1000 


(U)  Fig.  102  -  Deviatior.  of  Enthalpy  of  Solid 
Aluminum  from  Smoothed  Curve  up  to  1000 "K. 
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There  Is  a  corresponding  Increase  In  the  slope  of  the  heat 
capacity  vs.  temperature  curve  as  shown  In  Figure  103.  This  has  a] so 
been  reported  by  Awbery  and  Griffiths  (4o),  Seekanp  (53)>  Laemmel  (5*0 
and  Pochapsky  (55)-  Other  heat  capacity  values  have  been  given  by 
Avramescu  (56),  Eastman  et  al.  (4i',  Magnus  (44),  Maccarl  (45), 
Schubel  (57),  Tllden  (47),  and  Umlno  (48)  (see  Figure  104). 

The  ogee-shaped  heat  capacity  curve  la  similar  to  those 
of  the  solid  alkali  metals  (58)  and  appears  to  be  caused  by  more 
tnan  Just  Impurity-produced  pre-melting. 

The  observed  liquid  aluminum  enthalpies  were  smoothed  using 
a  least  squares  straight  line  fit: 

HT-Haaa.is,  cal./mole  -  7.588T  -  191.2  (933‘’-1650“K. ) 


from  which: 


Cp(l),  cal/(mole  »K.)  «  7-59  (933“-l650“K. ) 

Deviations  of  experimental  enthalpies  from  the  straight 
line  are  given  In  Table  LI  and  Figure  104.  The  data  of  Awbery 
and  Griff. '.ths  (4o)  are  In  good  agreement,  those  of  Wust  et  al.  (49) 
are  lower,  and  the  values  reported  by  Umlno  (48)  are  about  11^  to 
1256  lower. 

The  p  ler  by  Awbery  and  Griffiths  ( 4o)  gives  0.66  calV 
(g.®C.)  for  the  mean  specific  heat  of  liquid  aluminum  between  657*0. 
and  76o‘’C.  which  must  be  an  error;  It  could  have  been  0.33  cal.^^^ 
(g.®C.),  which  corresponds  to  about  6.9  cai./moie*K. ) .  Umlno  (46) 
found  6.23  cal./(mole’*K.)  .  Wust  et  al.  (49)  report  6. 8-7-2  cal./ 
(mole®K.)  from  the  melting  point  to  1273"K. 


Extrapolation  of  the  solid  auid  liquid  aluminum  enthalpy 
curve?  to  933*K.  yields  2560  cal./mole  for  the  heat  of  fusion.  [A 
melting  point  of  933*K.  was  chosen,  at  the  limit  of  the  popular 
"well  established"  932  ±  1®K.,  as  more  likely  representing  pure 
aluminum.  This  choice  was  based  mainly  on  the  paper  by  Roeser  and 
Wensel  (59)-]  If  one  were  to  consider  the  "extra"  Increase  In 
enthalpy  below  the  melting  point  as  pre-melting  and  Ignored  It  In 
smoothing  the  data,  then  the  heat  of  fusion  would  be  about  2590 
cal./mcle.  Because  of  the  scatter  of  the  observed  enthalpy  data, 
an  error  of  ±50  cal./mole  In  the  heat  of  fusion  Is  quite  possible. 
Values  found  In  the  literature  are  listed  In  Table  LIII. 


The  probable  error  In  the  enthalpy  measurement  caused  by 
the  reaction  of  the  aluminum  sample  with  the  boron  nitride  crucible 
has  been  considered.  If  Kopp's  additivity  rule  held  true,  the  sum 
of  the  enthalpies  of  Al  and  BN  would  equal  the  svun  of  the  enthalpies 
of  AIN  and  B,  and  so  on.  For  the  two  main  reaction  products,  AIN 
and  9  Al203'2  BgOa,  comparative  summations  Indicate  a  maximum  error 
of  -10^  In  the  experimental  temperature  range,  and  It  Is  usually 
much  less  than  this.  Since  only  2.5?^  or  less  of  the  aluminum 
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THIS  WORK 

0 

UMINO 

0 

TILDEN 

0 

LAEMMEL 

a 

NACCARI 

0 

SEEKAMP 

0 

MAGNUS 

0 

SCHUBEL 

0 

AWBERY  a  GRIFFITHS 

0 

AVRAMESCU 

0 

EASTMAN. WILLIAMS  8  YOUNG 

0 

OOCHAPSKY 

Q 

WUST.MEUTHEN  8  DURRER 

CAL./(MOLE  *K.) 


^  $ 


c  ^ 


TEMPERATURE, "K 


(U)  Pig.  105  -  Heat  Capacity  of  Aluminum 
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(U)  Fig.  104  -  Deviation  of  Enthalpy  of  Liquid  Aluminum 
from  Smoothed  Ciirve  up  to  ITOO^C. 
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reacted,  the  error  thus  Introduced  should  not  exceed  0.255^. 
However,  all  of  the  error  ends  up  In  the  alumlnun  enthalpy.  With 
the  quantities  of  materials  used,  the  heat  from  the  aluminum 
sample  nearly  equaled  the  heat  from  the  boron  nitride  crucible, 
so  one  might  expect  the  enthalpy  of  aluminum  to  be  low  by  about 
0.5^. 

(U)  The  fact  that  the  last  measurement,  at  727.5“K.,  falls 
well  In  line  with  earlier  measurements,  made  before  any  reaction 
Is  presumed  to  have  occurred,  also  Indicates  that  no  large  error 
has  been  introduced. 


Table  LIII 


(U)  Heat  of  Fusion  of  Aluminum 


cal. /mole 

2149 
2493 
2455 
2500 
2470 
2660 
2630 
2550 
2570 
2570 
2577 


40 

50 

50 


50 


_ Observer  or  Evaluator _ 

Umlno  ( 48 ) 

Awbery  and  Griffiths  (40) 

Awbery  (60) 

Kubaschewski  et  ai.  (6i) 

Wlttlg  (62) 

Oelsen,  Rleskamp,  and  Oelsen  (63) 
Oelsen,  Oelsen,  and  Thiel  (64) 
Stull  and  Slnke  (51) 

Kelley  (50) 

Hultgren  et  al.  (52) 

Seros  and  Woodhouse  (65) 

Tills  work 


B.  THERMODYNAMIC  TABULATION  (U) 

1.  JANAP  Heat  of  Formation  Propellant  Ingredients  (U) 

(U)  Series  C  of  the  classified  tables  was  Issued  In  April, 
1965.  This  consisted  of  50  tables  which  are  listed  In  Table  LIV 
and  contained  36  Confidential  compounds  and  l4  Unclassified  com¬ 
pounds  . 

(U)  Work  on  Series  D  continued  and  at  the  year's  end  51 
tables  were  completed,  of  wnlch  26  were  Confidential  and  25  were 
Unclassified.  These  compounds  are  listed  In  Table  LV.  Series  D 
will  be  issue J  for  comment  early  In  I966. 
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Pbrmula  and 
Filin.!;  Order 

A1H«U3 

CP4O2 

CP4O2 

CPaN2 

CPsN4 

CPaN4 

CamNaOa 

C2HaN404 

C2Hl9Alfi3N 

C4H4PaN40 

C4H8P4N2 

C4HaP4N2 

C4HaP4Na 

C4KaN207 

C4HaNa04 

C4H10N2O2 

CaHaPaNaOxo 

CaHaNgOa 

(CgHiaNia  )y, 

CaHaPiaNaO 

CaHi2P4N2 

CsHjsPtNs 

CaHi2P4N2 

CaHi2P4N2 

CeHi2P4N2 

CaHi2P4N2 

CeHi2P4N2 

CaKi2P4N2 


» 

Revised 


T^ble  LIV 

(U^  Series  C  of  Propellant  Increments 
(  U)  ^peUant  Plilng,  Index  b7_  ^mul2 


State 

Compound  Name 

Series 

Page 

c 

Lithium  aluminum  hexahvdrlde  (lAHH),  Trill thl urn 
hsxahydroa lumlnate 

C 

14 

1 

bis (Pluoroxy)dlfluorome thane 

C 

15 

g 

bis (Pluoroxy)dlfluoro methane 

C* 

16 

g 

bla(Dlfluoroar''.no)dlfluoromethane  (Compound  H) 

C 

17 

1 

tetrakls (Dlf lu''roamlno)methane  (Delta) 

C 

18 

g 

tetrakls (Dlf luoroamlno )methane  (Delta) 

C* 

19 

c 

N,K,N' ,N'-Tetranltroethylenedlamlne  (TNEDA) 

C 

20 

c 

Ethylene  dlnltramine  (EDNA) 

C* 

21 

1 

Aluminum  borohydrlde  dlmethylamlnate  (Hyballnt 
A-A) 

C 

22 

1 

tetraklo (Dlf luoroamlno)tetrahydrofuran  (THP) 

C* 

23 

1 

2,2-bl3  (,Dlfluoroamlno)butane 

C 

24 

1 

2,J-bla(Dlfluoroamlno)butane  (Stereo-Isomer  I) 

C 

25 

A 

2,3-bl3(Dlfluoroamlno)butane  (Stereo-Isomer  II) 

C 

26 

1 

Dlethylene  glycol  dlnltrate  (DEQDH) 

C 

27 

1 

N ,N-Dlnl tro -n-buty lamlnc  ( DNBA ) 

C 

28 

1 

n-Butylnltramlne 

C 

29 

1 

bis (2,2-Dlnltro-2-riuoroethyl)fonnal  (DBNPEP) 

C 

30 

j 

2-Hydroxymethyl-2-methyl-l,3-propanedlol  tri¬ 
nitrate  (TMETN) 

C 

31 

3 

Ethylenebla (amlnogiianldlne  azide)  - 
Formaldehyde  copolymer  (DB-27) 

C 

32 

1 

hexakls (Dlf luoroamlno)dlpropylether  (HPE) 

C 

33 

1 

1 ,2-bla  (Dlf  luoroe.mlno)4-methylpentane 

C* 

cr 

1,2-bla  (niri«0PO»>?T!lno)A-methylpent»!r!e 

C* 

35 

1 

2 , 2-bl3 (Dlf luoroamlno )4-me  thylpen tane 

C* 

3<S 

g 

2 ,2-bl3 (Dlf luoroamlno ) 4-me thylpentane 

C* 

37 

1 

2 , J-bls (Dlf luoroamlno ) 2-met hylpentane 

C 

33 

g 

2 ,3-bl3 (Dlf luoroamlno ) 2-roe thylpentane 

c 

39 

1 

2,3-bl3 (Dlfluoroamlno)4-methylpentane  (Stereo¬ 
isomer  I) 

c 

40 

g 

2,3-bl3 (Dlfluoroamlno)4-methylpentane  (Stei*eo- 

c 

41 

Isomer  l) 
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Ponmila  Enf 
PlllriK  Ordir 

State 

Comcound  Hame 

Series 

Page 

C«HiaP4lfa 

1 

2,3-bls  (Dlfluoroamlno)4-inethyipen^ne 
Isomer  II) 

(Stereo- 

C 

42 

CeHiaP4Na 

S 

2,3-bla(Dlf luoroamino)4-methylpentane 
Isomer  II) 

(Stereo- 

C 

43 

C7HiaM40io 

c 

bis (2,2-Dlnltropropyl)foruial  (BDNPP) 

C 

44 

C7HiaN40io 

1 

bis (2,2-Dlnltropropyi)formal  (BDNPP) 

C 

45 

CaHi4N40io 

c 

bis ( 2 , 2-Dlnl tropropyl ) a  ce  ta 1  ( BDNPA ) 

C 

46 

CaHi4N40io 

1 

bla(2,2-Dlnltropropyl)acetal  (BDNPA) 

C 

47 

ClPs 

1 

Chlorine  pentafluorlde 

C 

48 

ClPs 

g 

Chlor'.ne  pentafluorlde 

C 

49 

PaNO 

g 

Ti  v.'^uoroamlne  oxide 

C 

50 

(fticlasalfled 

CP4O 

g 

Pluoroxytrlf luoromethane 

C* 

1 

(CaH7Na0ii)j, 

s 

Cellulose  trinitrate 

C 

2 

(CeH«NaO,)„ 

s 

Cellulose  dlnltrate  (Pyroxylin) 

C 

3 

(CaHioOs)n 

s 

Cellulose 

C 

4 

CIKO4 

0 

Potassium  perchlorate 

C 

5 

PaO 

g 

Oxygen  dlfluorlde 

C* 

6 

PaN 

g 

Nitrogen  trlfluorlde 

C* 

7 

HNUa 

1 

Nitric  acid 

C 

8 

HNOa 

g 

Nitric  acid 

C 

9' 

HaOa 

1 

Hydrogel,  peroxide 

C 

10 

HaOa 

g 

Hydrogen  peroxide 

C 

11 

NaOa 

1 

Dlnltrogen  tetroxlde 

C 

12 

HaOa 

*Re vised 

g 

Dlnltrogen  tetroxlde 

C 

13 
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BioHieNi 

C3H«PiiN.O 

CjHtC17(N40 

CeKTCir.N40( 

CjH^e 

C4HsN, 

C4HtF»Ns 

C4H.?4Ka 

C4tUl’4N« 

CsHiHj 

CeH^40i« 

CsKcNe 

CaK4N!, 

C«N4 

CaN« 

CtK«N4 

CtHsHs 

CtH,N3 

CeKioFsN40a 

C,H,«P4Ha 

CiaHaNa 

CiaHaNa 

Ci4K4Na 

ClPa 

C laHaMgOa 
H4N4 


•Revised 


Table  LV 

(Ul  Serlea  D  of  Pronellant  Inured lenta 

(U)  Propellant  Piling  Index  by  Porwula 
(Confidential) 

State  _ Compound  Name _  Serlea 

c  Dodecahydrodeoaborate  dlamlna  (Dekatene)  D* 

c  N,H ' -Dl[  trla(dlfluoroamlno)niethyl  )urea  (B’TO)  D 

e  2-(trla(Dlfluoroamlno)nethoxy)etbylanlne  D 

hydrochloride  (IMPO  631c) 

e  3-[trla(Dlfli<ort]amlno)niethoxy  )ethylamli.e  D 

perchlorate  (INPO  635P) 

c  Trlaalnoguanldlne  dlcyanamlde  D 

c  Hydraxlne  cyanofomata  D 

1  l,l,3-trla(Dlfluoroaiilno)butana  D 

1  2,3-bla(Dlfl  ioroanlno)outane  ( Stereo -laomer  I)  D* 

1  2 ,3i -bla(DlfluoPoa«lno)batane  (Stereo-Isomer  II)  D' 

c  1,1,1-Trlcyanoethane  D 

c  Pantaerythrltol  tatranltrate  (PETN)  D 

c  Trlamlnoguanldlne  cyanoformate  D 

c  l,<l-Dlcyano -2 -butene  B 

e  Tetracyanoathylena  D 

c  a-Trlcyanotrlaxlne  D 

c  1,1.2,2-Tetnicyanocyclopropane  D 

c  I,l,l-Trlc7ano-3-butyne  D 

1  1 , 1 . l-Trlcyano-3-butyne  D 

1  l,2,*t,^.  ♦etrekls(Dlfluoroamlno)amyl  acrylate  D 

(TAA) 

1  2,2-bis(Diriuoroamlna)octane  D 

c  1 , 1 ,1 ,u ,6 .6-Kexacysno-)-hexyne  D 

c  l,l,l,6,6,6-Kexacyano-3-hexene  D 

■:  1 , 3  ■  1,8 ,H,8-Hex8cyano-3.5-octadlyne  D 

1  Cl  lorlne  trlfluorlde  D 

c  Hyurazlnlum  Olperchlorate  D 

c  Ammonluai  azide  0 


Page 

26 

27 

28 

29 

30 

31 

32 

33 
3'! 

35 

36 

37 
36 
39 
AO 
A1 
A2 
A3 
AA 

A5 

A6 

A7 

A8 

A9 

50 

51 
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Unclaaalfled 

AlBsHi: 

AlBsHia 

CsHsNsO 

CsHisBN 

CaPiiN 

C9F11N 

CsIINa 

CsHsNs 

CeHsNa 

CeHnNs 

CIF3 

ClNOs 

CaNs 

Pa 

PcaOa 

KNa 

HN3 

Ha 

HgaNe 

KN3 

UNa 

Na 

NaNa 

NaPb 

O9 

*Re vlaed 


State  • 


Table  LV  (Contd. ) 
_ Compound  Name 


1  Aluminum  borohydrlde  (ABH) 

g  Aluminum  borohydrlde  (ArH) 

1  2-Trla7oethanol 

CjIII  Trlroethylamlneborane 

1  Perfluoroplperldlne 

g  Perfluoroplperldlne 

c  Trlcyanoethylene 

1  Cyclopentyl  azide 

1  Phenyl  azide 

1  Cyclohexyl  azide 

g  Chlorine  trlfluorlde 

c  Nltroayl  perchlorate 

c  Cealum  azide 

1  Fluorine 

c  Ferric  oxide  (Hematite) 

1  Hydrogen  azide 

g  Hydrogen  azide 

1  Hydrogen 

c  Mercurous  azide 

c  Potassium  azide 

c  Lithium  azide 

1  Nitrogen 

c  Sodium  azide 

c  Lead  azide 

1  Oxygen 
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2.  JANAF  Thermochemical  Tables  (U) 

During,  calendar  1965»  four  supplements  to  the  JaNAF 
Thermochemical  Tables  (No.  l6,  17,  l8,  and  I9)  were  mailed  to  the 
users  and  one  additional  supplement  (No.  20)  was  prepared  /.’or 
comment.  The  composition  of  each  supplement  Is  listed  In  Tables 
LVI,  LVII,  LVIII,  LIX,  and  LX,  while  the  numerical  statistics 
are  given  In  Table  LXI. 

Tables  for  B,  A1  and  S  elements  were  revised.  A  nev; 
element,  Pe,  and  Its  oxides,  chlorides  and  fluorides  and  another 
new  element,  Cu,  were  added.  All  A1  and  B  compounds  were  Issued 
as  white  tables.  In  these  supplements  the  following  Ionic  gaseous 
species:  e",  L1+,  Na+,  {C^,  C1-,  A1+,  Be'*’,  Cl-*-,  P",  0",  C",  H",  Cu-*- 
and  NOa”  were  added  for  the  first  time. 
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I 

Table  LVI 


(U)  JANAP  Thennochenilcal  Data 


Supplement  No. 

iS,  Issued 

December  Jl,  1964 

1 

Title  Page 

BPa(g) 

•B2P4(g) 

* 

B( ref) 

BP3(g) 

BaHe(g) 

B(c) 

BH(g) 

BaOa  ( g) 

- 

B(l) 

BHO(g) 

B203( o) 

- 

B(g) 

BH02(c) 

BaOad) 

- 

aBr(g) 

BH02(g) 

Ba03(g) 

1 

J  , 

BBrCl(g) 

HHa(g) 

B3H30e(g) 

f 

BBrCla(g) 

BHa02(g) 

BioHi4( c) 

i 

4 

BBrP(g) 

BH3(g) 

BioHx4d) 

- 

BBrP2(g) 

BHsOsCc) 

BioHi4(g) 

i 

• 

BBra(g) 

BHsOaCg) 

CTl(c) 

[. 

BBraCl(g) 

BH4K(c) 

CTld) 

BBraP(g) 

BH4L1(c) 

CZr(c) 

1 

4.. 

BBrad) 

BH4Na(c) 

CZrd) 

[ 

BBr3(g) 

Br(g) 

ClNa(g) 

BCl(g) 

Bla(g) 

•ClaNaaCg) 

1 

BClP(g) 

BIsCg) 

*N03(g) 

BClPa(g) 

BL102(c) 

NaOCg) 

r 

BCl2(g) 

BLlOaCl) 

Na03(g) 

r 

BCl2P(g) 

BLlOa(g) 

Na04d) 

1 

BCl3(g) 

Ba(g) 

Na05(g) 

[ 

BP(g) 

BaCl4(g) 

w 

♦New  Table. 
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Table  LVII 

^U 1  JANAF  Thcrmochemlcal  Data 
.Supplement  No.  17,  Issued  March  31,  19'-’5 


Title  Page 

BBrO(g) 

BClOlg) 

BFO(g) 

BPaHC(g) 

P74K(c) 

BF4K(g) 

BL102(g) 

BNaOa(c) 

B^'aOa(l) 

♦BNaOa(s) 

BO(g) 

B02(g) 

BS(g) 

BaMg(c) 

B204Pb(c) 

B3ClaOi( g) 

*New  Table. 


BsFHaOa^  g ) 
B3P2H03(g) 
B3F3O3  c) 
B3F303( g) 
«33H303(c) 
B3H303(g) 
B3HeN3(g) 
B4Mg(c) 
B4Na207( c ) 
B4Naa07(l) 
B4C7Pb(c) 
BsHed) 
BsHeCs) 

B«KaOio(c) 
BeL  aOio( c) 
BeNa20io( c) 
BaOioPb(c) 


BgKaO 13(c) 
BeK20i3(l) 
BaLl20i3( c) 
BioOi7Pb2(c) 

*CCla(g) 

*CCl3(g) 

CF20(g) 

*CP40(g) 

•Pe( ref) 

•Pe( c) 

•Fed) 

♦Fe(g) 

«K^(g) 

*Ll-*'(g) 

♦Na'’'(  g) 

*e-(g) 
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Table  LVIII 


(U)  JANAF  Thermochemical  Data 
Supplement  No.  l8,  Isdued  June  30,  19^5 
Title  Page 


*Al‘^(g) 
BTl(c) 
B2Be04(g) 
BaTKc) 
BaTld) 
B2Zr( c' 
B2Zr( 1) 

B4L1207(C) 
B4Ll207(l) 
*Be'^(  g) 
BeBr2( c) 
BeBr2( l) 
BeBr2(g) 
BeClP(g) 
♦BeCl2(c,a) 
*BeClp(c,8) 

♦New  Table . 


BeClaC 1) 
BeCl2(g) 
Bel2(c) 
Bel2(l) 
Bel2(g) 
Be2Cl4(g) 
Be204Sl(c) 
*Cl‘^(g) 

*cr(g) 

*ClFe(g) 

*ClaPe(c) 

♦Cl2Pe(  1) 

*Cl2Pe(g) 

♦Cl3Pe(c) 

♦ClaPed) 

*Cl3Pe(g) 

♦ClsPe2(g) 


*P’(g) 

FN(g) 

P0(g) 

*Peo. 9470(c) 

*PeO(c) 

*PeO( 1) 
*PeO(g) 

*Pe203(c) 
*Fe304(c) 
Na203Sl(c) 
Na203Sl( 1) 
Na209Sl2 ( c ) 
Na20sSl2( 1) 
*0'(g) 
*03PbSl(c) 
*04Pb2Sl(c) 
OiSlZKc) 
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Table  LIX 


(U)  JANAF 

Thermochemical 

Data 

Supplement  No  19 

,  Issued  September  50»  19^5 

Title  Page 

COaCg) 

PLlO(g) 

A1P3(o^ 

*CaFe(g) 

♦FaPe (c ) 

AlP3(g) 

CaH4(g) 

♦FaPe(l) 

AlO(g) 

CaH40(g) 

♦FaPeCg) 

AlaO(g) 

C3A14(C) 

PaOSCg) 

AlaOa(g) 

CaOaCg) 

♦PaPe  (c ) 

BP3(g) 

ClP(g) 

♦FaPeCg) 

BrCl(g) 

ClPaCg) 

*F4S(g) 

BrP(g) 

C1H4N(c) 

FeSCg) 

BrPaCg) 

Cll(c) 

H(g) 

BrPs(^) 

C1I{1) 

-•  *  w  / 

BrH(g) 

Cll(g) 

H3N(g) 

BrH4N(c ) 

Cla(g) 

Na(g) 

*C“(g) 

P{g) 

*OSa(g) 

CB4(c) 

*PPe(g) 

02(g) 

CO(g) 

PHO(g) 

03S(g) 

New  Table. 
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( u)  JANAP 

Table  LX 

Thermochemical 

Data 

Supplement  No. 

20,  Issued  Dec  "imber  31,  19^5 

Title  Page 

Cl2Mg(l) 

H2S(g) 

Al(ref) 

Cl2Mg(g) 

*’.i4N2(  1) 

Al(c) 

Cl20(g) 

H4N2(g) 

Al(l) 

*Cu(ref) 

MgO(c) 

Al(g) 

*Cu(c) 

MgO(g) 

AlFaNa3(c) 

*Cu( 1) 

*N02‘ (g) 

*Al203(YiC) 

*Cu(g) 

OS(g) 

*BP2H(g) 

*Cu‘^(g) 

OZr(g) 

*BP20(g) 

Pl(g) 

02Zr(c) 

B3PHt03(g) 

PN02(g) 

02Zr(  1) 

B3P2K03(g) 

*P2N2(trans,  g) 

02Zr(g) 

CB4(c) 

*P2N2(C13,  g) 

0loP4(c) 

CB4(1) 

P2Pb(c) 

OioP4(g) 

*CC10(g) 

PaPbd) 

S( ref) 

*CPO(g) 

P2Pb(g) 

S(c) 

ClNO(g) 

HN(g) 

S(l) 

r:iN02(g) 

*H2»(g) 

3(6) 

Cl2Mg(c) 

H2N2(g) 

S2(g) 
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Table  LXI 


Summary  of  JANAF  Tables 


Supplement 

No. 

Date 

Issued 

No .  of 
Tables 
Issued 

New 

Tables 

Issued 

Revised 

Tables 

Issued 

Torax  No. 
of  Tables 
Issued 

Tables 
Issued  for 

l6 

12/31/64 

64 

3 

61 

808 

Users 

17 

03/31/65 

49 

13 

36 

821 

Users 

18 

06/30/65 

50 

23 

27 

844 

Users 

19 

09/30/65 

47 

11 

36 

855 

Users 

20 

12/31/65 

53 

15 

38 

— 

Comments 

’U)  On  duly  2,  1965*  eight  hundred  and  eleven  (3ll)  tables 
together  with  the  text  on  "method  of  calculation"  were  prepared  and 
sent  to  Mr.  Paul  W.  Larsen,  U.  S.  Department  of  Commerce,  National 
Bureau  of  Standards  Institute  for  Applied  Technology,  Clearinghouse 
for  Federal  Scientific  and  Technical  Information,  Springfield, 
Virginia,  for  publication.  The  tables  are  now  available  for  public 
sale  by  ordering:  PB  l68  370  -  JANAP  THERMOCHEMICAL  TABLES  (com¬ 
plete  through  Supplement  No.  17>  dated  March  31,  19*^5)  9^5 
$10.00,  from: 

Clearinghouse  for  Federal 
Scientific  and  Technical  Information 
U.  S.  Department  of  Commerce 
Springfield,  Virginia,  22151 

The  tables  will  be  updated  and  revised  periodically  for  public  salt 
by  the  Clearinghouse. 


In  No 


(U)  Tl'.e  JANAP  Thermochemical  Tables'  mailing  list  was  revised 
-vember  and  made  ccr.olotcnt  with  CPLA  Publication  No.  7^ 


"Chemical  Propulsion  Mailing  List."  Our  sponsoring  agency  Instructed 
us  to  terminate  distribution  to  all  other  recipients.  Future 
copies  of  the  tables  must  be  obtained  from  the  Clearinghouse. 
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SECTION  VI 

(U)  BIOCHEMICAL  RESEARCH 


An  Important  branch  of  the  Integrated  prope3 lant  program 
at  The  Dok  Chemical  Company  la  the  environmental  and  toxicological 
research  performed  by  the  Biochemical  Research  Laboratory.  This 
work  falls  Into  two  categories: 

(l)  ■  Support  functions  to  the  synthesis  laboratories. 

(ll)  Toxicological  research  on  beryllium-containing 
materials . 

A.  SUPPORT  FUNCTION  TO  THE  SYNTHESIS  LABORATORIES  (U) 


1.  Environmental  Research  Support  Function 

Tl. }  personnel  of  the  Environmental  Research  Section  of 
the  Biochemical  Research  Laboratory  serve  as  consultants  In 
Industrial  Hygiene  to  the  Scientific  Projects  Laboratory. 


2.  Toxicological  Research  Support  Function 


The  compounds  TAZ  and  THA  both  possess  the  potential  of 
being  absorbed  through  the  skin  In  acutely  toxic  amounts.  A  study 


Ui.  one  Ci.  i.  cl;  OX  vcucc  o  Wi.  i.uoucx  ^xo;vco  ao  a  uarTxci.  oo;  oioxu  Cuuoaou 


by  TAZ  and  THA  has  been  completed. 


The  gloves  submitted  for  study  were  as  follows: 

(l)  Playtex  (green,  light  weight). 

(ll)  Snyder  and  Son  (No.  1119>  medium  weight). 

(ill)  Edmot  (Neox  92^,  heavy  weight). 

Results  of  the  study  Indicate  that  the  Snyder  gloves  are 
the  most  Impervious.  These  gloves  could  be  used  safely  for  severa 
days  when  handling  TAZ  and  THA  In  solution  and  somewhat  longer  If 
the  material  were  In  a  solid  state. 


The  heavy  weight  Edmot  glove  Is  not  recommended  for  use 
In  handling  either  TAZ  and  THA.  The  light  weight  Playtex  glove 
could  be  used  with  safety  for  handling  either  material  when  mini¬ 
mum  contact  is  likely. 

No  other  projects  were  Initiated  In  1965-  The  facilities 
and  personnel  in  the  Toxicological  cind  Riarmacologlcal  Research 
Sections  of  the  Biochemical  Research  Laboratory  continue  to  be 
available  as  consultants,  and  to  carry  out  laboratory  studies, 
when  needed  by  the  Scientific  Projects  Laboratory. 
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B.  TOXICOLOGICAL  RESEARCH  ON  BERYLLIUM-CONTAINING  MATERIALS  (U) 

Toxicological  studies  on  beryllium-containing  materials 
were  conducted  first  at  Dow  as  part  of  a  supporting  role  to 
Contract  Nr.  AP  5!5(6l6) -6i49  on  high  energy  chemical  rocket 
propellants.  With  the  emcigence  of  beryllium  and  Its  compounds 
as  strong  contenders  for  use  as  high  energy  fuels,  it  was  neces¬ 
sary  to  expand  the  study  under  Contract  Nr.  AP  04(6ll) -755^* 

The  chronic  lung  disease,  reported  to  have  been  produced 
In  man  by  the  Inhalation  of  very  small  amounts  of  certain  beryllium- 
containing  materials,  hus  given  cause  for  great  concern  over  the 
potential  ha^ards  to  health  associated  with  the  handling  and  use 
of  beryllium  and  Its  compounds.  This  apprehension  seriously 
hampers  both  military  and  commercial  developments  of  beryllium. 

Consequently,  the  research  work  carried  out  In  tne 
Biochemical  Research  Laboratory,  under  the  above  named  contracts, 
has  been  directed  toward  obtaining  an  understanding  of  the  funda¬ 
mental  biological,  chemical  and  physical  mechanisms  involved  In 
the  toxic  action  of  beryllium  and  Its  compounds  In  order  to 
adequately  evaluate  the  relative  health  hazards  presented  by 
beryllium-containing  materials.  Including  exhaust  products  from 
motor  firings. 

This  work  was  centered  on  the  study  of  animals,  treated 
intratracheally  with  well-characterized  samniPR  of  beryllium  oxide, 
in  order  to  determine  the  nature  of  the  chiouic  lung  disease  In 
animals.  Including  ths  cellular  and  biochemical  changes  that  take 
place  during  the  course  of  the  disease.  In  this  study,  special 
attention  has  been  given  to  the  chemical  and  physical  characteri¬ 
zation  of  samples  of  beryllium  oxide  In  an  attempt  to  correlate 
biological  activity  with  chemical  and  physical  properties. 
Furthermore,  attention  has  been  given  to  determining  the  gradation 
In  biological  activity  depending  upon  the  characteristics  of  the 
beryllium  oxide  studied. 

1.  Materials  (U) 


Extensive  Investigations  of  the  Influence  of  calcining 
conditions  of  bei^lllxun  oxides  on  their  biological,  chemical  and 
physical  properties  are  continuing.  This  Intensive  study  of  the 
properties  of  beryllium  oxides  has  shown  that  the  properties  vary 
with  the  calcining  temperature. 

k 

Many  properties  of  key  samples  of  beryllium  oxides 
have  been  determined.  These  include  surface  area  by  nitrogen  absorp¬ 
tion;  crystallinity  by  polarized  light  microscopy;  crystallite 
dimensions  by  X-ray  diffraction;  density  by  a  sink-float  method; 
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refractive  Index  by  dispersion  staining;  and  solubility  In  various 
media  with  detection  by  emission  spectroscopy.  The  properties  of 
three  key  samples  that  have  been  selected  for  extensive  study  are 
presented  In  Table  LXII. 


Table  LXII 


(U)  Properties  of  Key  Samples  of  Beryllium  Oxide 
Prepared  by  Calcining  Beryllium 
Hydroxide  under  Laboratory  Conditions 


Calcined 

for  10  Hours 

at 

Property 

500° C. 

1100°C. 

1600°C.^ 

Specific  surface  area,  m.^/g. 
(by  nitrogen  adsorption) 

50.8 

2.2 

1.3 

Average  crystallite  size,  A 
(by  X-ray  diffraction) 

150 

1500 

1600 

Crystallinity,  ‘f> 

(by  polarized  light 
microscopy) 

Refractive  Index 
(by  dispersion  staining) 

<10 

100 

85 

lOJt  of  sample  below 

1.680 

1.703 

1.706 

505^  of  sample  below 

1.682-1.684 

1.704 

1.711 

905^  of  sample  below 

1.686 

1.706 

1.720 

Density,  g./ml. 

(by  sink-float  method) 

2.80-2.94 

2.97-3.00 

2.97-3.03 

Solubility  In  water  Very,  very  Very,  very  Very,  very 

(at  room  temperature)  slight  slight  slight 


“A  different  method  of  heating  was  used. 


New  techniques  for  studying  beryllium  oxide  Seimples 
have  been  employed  In  an  effort  to  obtain  additional  data  t.hat  may 
be  useful  In  correlating  the  chemical  and  physical  properties  of 
key  samples  with  their  biological  activity. 

The  chemical  reactivity  of  basic  oxides  has  been 
studied  at  Dow  using  the  reaction  of  an  amine  hydrochloride  or 
ammonium  chloride  with  the  oxide.  Using  this  procedure,  beryllium 
oxides,  prepared  from  beryllium  hydroxide  calcined  for  10  hours 
at  temperatures  ranging  from  400‘’-l600‘’C. ,  have  been  Investigated. 
A  review  of  the  results  Is  under  way. 
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A  technique  using  thermal  analysis  coupled  with  the 
mass  spectrometer  has  been  developed  In  the  Dow  laboratories  In 
order  to  measure  and  Identify  very  small  quantities  of  volatile 
components  released  from  materials.  This  technique  Is  being  used 
In  the  study  of  the  series  of  beryllium  oxides  described  In  the 
preceding  paragraph. 

Solubility  studies  have  been  carried  out  on  the 
three  key  samples  described  above  using  Rlnger-phosphate-blcarbonate 
buffer,  pooled  rabbit  sera,  and  water  (Table  LXIII) .  All  three 
oxides  are  only  very,  very  slightly  soluble  in  both  water  and 
Rlnger-phosphate-blcarbonate  buffer.  However,  In  rabbit  serum 
there  appears  to  be  a  greatly  increased  solubility  of  all  three 
beryllium  oxides.  Further  studies  are  being  conducted  in  oixler 
to  determine  the  mechanism  of  the  uptake  of  these  oxides  by  rabbit 
s<.-ra. 


Table  LXIII 


(U) 

Solubility  of  Three  Key 

Samples 

of  Beryllium 

Oxide  In  Various  Media 

at  Room 

Temperature 

Be 

Concentration  In 
gamma/ml . 

ppm . 

Material 

Ten  Hours  at 

Temperature,  ®C. 

Water 

Rlnger- 
Phosphate- 
Blcarb onate 
Buffer 

Pooled 

Rabbit 

Sera 

Be (OH) 2 

500 

0.0007 

0.0007 

0.005 

0.007 

5.5 

8.6 

Be(0H)2 

1100 

0.004 

0.004 

<0.001 

0.006 

0.22 

0.50 

Be(0H)2 

1600^ 

o.oc; 

0.007 

<0.001 

0.005 

1.05 

1.0 

“A  dlfl'erent  method  of  heating  was  used. 


A  method  of  dispersion  staining  for  the  determination 
of  refractive  index,  developed  by  G.  C.  Crossmon  (66),  has  been 
adapted  cind  applied  to  sevei’al  samples  of  be]7ylllxim  compounds, 
including  a  series  of  beryllium  oxides  prepared  under  laboratory 
conditions  by  calcining  beryllium  hydroxide  for  ten  hours  at 
temperatures  varying  from  400® -l600®C.  The  results  obtained  from 
this  series,  presented  In  Table  LXIV,  show  that,  as  the  calcining 
temperature  increases,  the  refractive  Index  Increases. 
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Table  LXIV 


(U)  Refractive  Index  Values  for  Laborato^  Preparations  of 
Beryllium  Oxide  using  a  Dispersion  Staining  Technique 

Be(0H)2  for  10  Hours  Refractive  Index 


atlon  Temp. 

10^  of 

Sample  Below 

50^  of 

Sample  Below 

90%  of 

Sample  Below 

400 

1.650 

1.654 

1.658 

'  500 

1.680 

1.682-1.684 

1.686 

600 

1.684 

1.688-1.694 

1.698 

700 

1.690 

1.693 

1.696 

800 

1.696 

1.700 

■  1.712 

900 

l.'iOO 

1.702 

1.704 

lOCO 

1.700 

1.702 

1.704 

1100 

1.703 

1.704 

1.706 

1200a 

1.704 

1.706 

1.710 

l4ooa 

1.706 

1.706-1.708 

1.710 

1600a 

1.706 

1.711 

1.720 

different  method  of  heating  was  used. 


Evidence  based  on  the  study  of  Infrared  absorption 
spectra  (67)  and  mass  spectrometrlc  thermal  analysis  patterns  (68) 
suggests  that  the  beryllium  oxide  which  results  from  heating  beiyl- 
llum  hydroxide  retains  a  small  amount  of  occluded  water,  even 
though  the  general  structure  of  such  beryllium  oxide  Is  of  the 
expected  bromelllte  type.  The  quantity  of  this  residue  decreases 
as  the  calcining  temperature  Increases.  It  has  been  reported  that 
there  Is  a  change  In  unit  cell  parameters  with  Increasing  tempera¬ 
ture  (6g);  for  beryllium  oxide  samples  prepared  from  various 
starting  materials.  Including  the  hydroxide,  sulfate  and  oxalate, 
and  calcined  to  substantially  the  same  high  temperature;  however, 
the  cell  parameters  are  the  same  (70) .  The  best  values  for  the 
hexagoril  cell  of  beryllium  oxide  are; 

a  »  2.6979  ±  0.000 i  y 
c  =  4.3772  0.0002  A  at  21°C. 


The  variation  In  certain  physical  properties  of 
beryllium  oxide  with  Its  calcination  temperature  Is  marked,  espe¬ 
cially  In  the  case  of  refractive  Index.  This  can  be  seen  In 
Table  LXIV,  where  a  change  from  I.65  to  I.72  Is  Indicated  for 
calcination  temperatures  In  the  range  of  4oO®-l6oo®C.  Similar 
reports  are  given  by  Quirk  (69)  and  by  Belyaev  (7l) • 
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In  an  attempt  to  verify  the  change  In  lattice  param¬ 
eters  with  calcination  temperature,  Debye-Sherrer  powder  patterns 
using  CuKo  X-radlatlon  were  obtained  for  the  beryllium  oxide  samples 
listed  In  Table  LXIV.  The  diffraction  maoclma  for  the  materials 
calcined  at  the  lower  temperatures  were  so  broad  that  precise 
measurements  could  not  be  made.  This  suggested  the  use  of  a 
shorter  wavelength. 

Electron  diffraction  provides  a  convenient  way  to 
Increase  the  .sharpness  of  the  lines  In  a  diffraction  pattern  by 
using  a  high-energy  electron  beam  rather  than  an  X-ray  beam. 

Thus,  e] jctrons  accelerated  across  50  KV  potential  have  an 
effective  wavelength  of  0.05  A  In  contrast  to  1.5^  A  for  CuKa 
X-ray  .  An  Hitachi  HU-llA  electron  microscope  was  modified  to 
provlcs  lattice  measurements.  This  Involved  changes  In  the  sample 
holder  and  In  the  Internal  photographic  system  of  the  microscope, 
since  a  reproducible  speclraen-to-photo  distance  Is  necessarj’'  to 
observe  the  expected  pattern  displacements,  thought  to  be  on  the 
order  of  0.1^.  The  samples  listed  In  Table  LXIV  were  again 
examined  using  this  arrangement. 

The  diffraction  patterns  of  the  various  samples  were 
sharpened  as  predicted.  No  significant  changes  In  measured  d- 
spaclngs  of  equivalent  lines  were  found  from  Scimple  to  sample. 

The  measured  d-spaclngs  match  quite  well  those  listed  In  the 
ASTM  X-ray  Powder  Pile  (4-0845)  and  those  from  the  cell  param¬ 
eters  of  Bellamy,  Baker  and  Llvey  (70),  as  shown  In  Table  LXV. 


Preparation  of  Samples  of  "Respirable  Particle  Size" 


Several  techniques  for  reducing  particle  size  have 
been  investigated.  The  most  promising  method  for  reducing  the 
particle  size  of  samples  of  beryllium  oxide  to  "respirable  particle 
size"  is  'one  using  a  luclte  vial  with  two  luclte  balls  on  the  Spex 
No.  8000  Mixer/1'1111.  A  procedure  which  Is  both  safe  and  effective 
has  been  'developed  using  aluminum  oxide,  because  It  has  certain 
properties  similar  to  those  of  beryllium  oxide  and  because  It  Is 
considered  to  be  non-hazardous .  In  the  original  sample  of  aluminum 
oxide  (prior  to  grinding) '  most  of  the  particles  appeared  to  be 
aigglomerates  of  the  order  of  100  |i  comprised  of  10-20  u  particles. 
The  sample  was  ground  for  one  hour  In  a  luclte  vial.  A  parclcle 
size  distribution  curve  was  determined  using  the  Coulter  Counter. 
About  99?*  of  the  particles  were  less  than  3  M  and  about  95^6  of 
the  particles  were  less  than  0.5  |i-  Clearly,  thl3|ls  an  effective 
way  to  reduce  particle  size.  The  contamination  of '  the  sample  by 
the  luclte  was  negligible,  of  the  order  of  0.002^- tty  weight  as 
determlri'.'d  by  Infrared  analysis. 


The  partitioning  of  the  ground  aluminum  oxide  Into 
particles  In  the  size  range  1-5  |i  has  been  accomplished  using  a 
sedimentation  technique.  Large  particles  were  removed  by  allowing 
sedimentation  to  take  place  for  a  relatively  short  period  of  time, 
which  was  calculated  us  Lig  Rtokes '  Law.  The  fines  (less  than  1  |i) 
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were  removed  by  allowing  the  sample  to  settle  for  a  relatively 
long  time,  which  was  calculated  using  Stokes'  Law,  aiid  discarding 
the  suspended  sub-micron  particles.  This  procedure  will  be  applied 
to  beryllium  oxide  samples. 


Table  LXV 


(U)  d-Spaclngs  from  Powder  Diffraction 
Data  for  Serylllum  Oxide 


hkl 

Calculated^ 

A 

Observed 

ASTK  4-0843 
from  NBS  (l95l) 

A 

Observed,  Elec 
Diffraction  Pa 

k 

100 

2 . 3364 

2.337 

2.3^^ 

002 

2  IIS6 

2.189  . 

2.19'^" 

101 

2.0612 

2.061 

2.08 

102 

1.5973 

1.598 

1.59 

110 

' 1 . 3^89 

1.349 

1.36 

103 

1.2376 

1.238 

1.25 

200 

1.16822 

1.1682 

1.17 

112 

1.14834 

1.1482 

201 

1.12871 

1 . 1287 

004 

1.09429 

1.0958 

--- 

202 

1.03059 

1.0308 

•  •• 

104 

0.99099 

0.9920 

203 

0.91199 

0.9118 

- - 

210 

0.88309 

0.8832 

--- 

211 

0.86565 

0.8657 

--- 

114 

0.84983 

0.8498 

«  .  • 

105 

0.81978 

0.8199 

- - 

212 

0.81894 

0.8179 

^On 

basis  of  a  =  2.679 

k  and  c  »  4.3772  A. 

b.  Exhaust  Products  from  Motor  Firings 

Pour  samples  of  exhaust  products  from  motor  firings  were 
received  from  the  6570th  Aerospace  Medical  Research  Laboratories, 
Wrlght-Patterson  Air  Force  Base,  Ohio,  early  In  October,  1965. 
Selected  physical  and  chemical  properties  of  these  samples  are 
being  studied  using  the  techniques  listed  below; 

(1)  Suriace  area  .  B.E.T.  method  using  nitrogen. 

(11)  Average  crystallite  size  -  X-ray  diffraction 
technique . 
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(111) 

(iv) 

(v) 

(vl) 

(vll) 

(vlll) 

(lx) 

(x) 

(xl) 

(xll) 

(xlll) 

(xlv) 


Solubility  In  water  -  soluble  beryllium  components 
determined  using  emission  spectroscopy. 

Density  -  sink-float  method. 

Refractive  Index  -  dispersion  staining  technique. 

Trace  element  analysis  -  emission  spectroscopy. 

Carbon -hydrogen  analysis  -  mlcro-combustlon  technique. 

Chloride  analysis  -  mlcro-volumetrlc  technique. 

Beryllium  analysis  -  gravimetric  method  . 

Oxygen  analysis  -  neutron  activation  technique. 

Organic  components  -  Infrared  analysis  of  CS2 
extract . 

Crystallinity  -  polarized  light  microscopy. 

Particle  size  -  electron  micrographs,  photomicro¬ 
graphs,  and  Coulter  counter  technique. 

Components  -  X-ray  powder  diffraction. 


Three  of  these  samples  are  exhaust  products  from  motor 
firings  conducted  by  Atlantic  Research  Corporation  (72) .  They  are 
Sample  Nos.  1,  22,  and  2^.  The  fourth  sample  is  an  exhaust 
product  from  a  motor  firing  conducted  by  Aerospace  Corporation  and 
Is  Sample  No.  2.  The  physical  properties  studied  are  shown  In 
Table  LXVI. 

In  an  effort  to  characterize  these  samples  completely, 
analysis  for  trace  elements  and  analyses  for  carbon,  hydrogen, 
chlorine,  oxygen  and  beryllium  were  run.  Furthermore,  X-ray 
powder  diffraction  patterns  were  run  to  Identify  components.  The 
results  from  these  analyses  are  presented  In  Tables  LXVII,  LXVIII, 
and  LXIX. 

The  Infrared  analyses  of  the  exhaust  products  from  motor 
firings  Indicated  that  less  than  Vf>  of  the  total  sample  was  benzene, 
to]uene,  aromatics  or  light  alkanes  In  the  four  samples  analyzed. 

More  Information  concerning  the  components  In  these 
samples  was  obtained  by  studying  the  water-soluble  fraction  using 
X-ray  powder  diffraction  and  emission  spectroscopy. 
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(U)  Properties  of  Exhaust  Products  from  Motor  Plrln 
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Table  LXVII 

(U)  Emission  Spectrographlc  Analyses  of 
Elxhaust  Products  from  Motor  Firings 

Percent  of  Element 


Element 

Sample  1 

Sample  22 

Sajiiple  24 

Sample  2 

A1 

0.0'* 

0.08 

0.1 

0.3 

Cu 

0.04 

0.005 

0.02 

0.6 

Fe 

5.0 

0.7 

0.3 

0.4 

Mg 

0.05 

0.02 

0.02 

0.09 

Mn 

0.04 

0.01 

0.009 

0.009 

N1 

0.04 

0.02 

0.02 

0.02 

SI 

0.1 

0.1 

0.1 

0.6 

Table  LX7III 

(U)  Elemental  Analysis  of  Exhaust 
Products  from  Motor  Firings^- 

Percent  of  Element 

Element 

Sample  1 

Be*^ 

32.0 

35.3 

35.3 

C 

0.43 

~0.1 

~0.5 

H 

0.23 

0.052 

0.06 

Cl 

3-95 

0.69 

1.21 

0 

6i.2  ±  1.2 

66.8  ±  1.4 

65.7  ±  1.5 

Quantity  not  sufficient  for  analysis  on  Sample  No.  2. 
^Except  Be  as  BeCla. 
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'1 


Table  LXIX 


(U)  X-Ray  Powder  Diffraction  Analysis  of 
Exhaust  Products  from  Motor  Firings 


Sample  No. 


Components 


1  BeO  -  Chief  Component 

Also  contains  some  nearly  amorphous 
0 -PeOOH 


22  BeO  -  Chief  component 

FS2O3  -  . 

NaCl  -  1% 

Also  a  very  weak  line  at  2.89  A  which 
was  not  identified 

24  BeO  -  Chief  component 

PegOs  - 
NaCl  -  <15^ 

Also  a  very  weak  line  at  2.89  ^  which 
was  not  identified 


2  BeO  -  Chief  component 

Quartz  -  5-105^ 

Peldspeir  -  '^-10% 

Unidentified  material  -  10-15% 


A  weighed  quantity  of  each  sample  was  mixed  with  an 
appropriate  amount  of  water  and  held  at  room  temperature  for 
3-4  hours.  The  suspensions  were  then  filtered  through  sintered  glass 
filters.  Water  was  driven  off  the  filtrates  by  placing  them  on 
watch  glasses  over  a  steam  bath,  and  the  residues  were  dried  com¬ 
pletely  in  an  oven  held  at  108°C.  The  results  of  X-ray  powder 
diffraction  analysis  of  these  residues  are  presented  in  Table  LXX, 
and  the  results  of  trace  element  analysis  of  the  same  are  presented 
in  Table  LXXI. 

These  data,  presented  in  Tables  LXVI  through  LXXI,  as 
well  as  electron  micrographs,  and  photomicrographs  using  polarized 
light,  were  sent  promptly  to  the  6570th  Aerospace  Medical  Research 
Laboratory,  Wright -Patterson  Air  Force  Base,  Ohio. 

The  determinations  that  are  in  progress  include  particle 
size  distribution  using  the  Coulter  Counter  amd  mass  spectrometric 
thermal  analysis. 
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Table  LXX 


(U) 


Sample 

No. 


X-Ray  Powder  Diffraction  Analysis  of  Components 
In  the  Water-Soluble  Fraction  of  Exhaust 
Producl^s  from  Motor  li'lrlngs 


Wt.  %  Sample 
Soluble  In  Water 


Components  In  Soluble  Fraction 

PeCl3  (seen  In  X-ray  diffraction 
pattern  as  0-PeOOH  which  results 
from  the  hydrolysis  of  PeCla 


22 


0.5 


NaCl  - 

CaS04-l/2  HaO  -  ~25^ 


24 


0.37 


NaaZnCl^  -  Chief  component 
NaCl  -  10-205^ 


Quantity  not  sufficient 


Another  sample  of  an  exhaust  product  from  a  motor  firing 
was  received  from  Atlant..:  Research  Corporation  In  December,  19o5* 
It  Is  a  sa-iple  from  firing  No.  3  (72)  containing  beryllium  oxide 
and  a  "crystalline  phase"  which  has  not  been  Identified.  Selected 
physical  properties  of  this  sample  will  be  studied  early  In  19^6. 

This  Intensive  study  of  the  properties  of  beryllium  oxide 
has  shown  that  the  properties  vary  with  the  calcining  temperature. 
As  the  temperature  of  calcination  increases  the  surface  area 
decreases,  and  the  average  crystallite  size,  crystallinity,  re¬ 
fractive  index,  and  density  Increase.  The  solubility  of  a  series 
of  beryllium  oxides  In  water  and  In  Rlnger-phosphate-blcarbonate 
buffer  at  room  temperature  Is  very,  very  slight,  with  no  detect¬ 
able  differences  using  an  emission  spectrographlc  method.  On  the 
other  hand,  preliminary  studies  Indicate  a  greatly  Increased 
solubility  In  rabbit  serum.  There  are  Indications  from  mass 
spectrometrlc  thermal  analysis  and  the  reaction  of  beryllium 
oxides  with  aimiionlum  chloride  trial  the  chemical  reactivity  of 
beryllium  oxide  decreases  as  calcining  temperature  Increeises. 
Studies  of  this  nature  are  being  pursued. 

2.  Long-Term  Experiments  on  Rats  yid  Rabbits  using  Laboratory 
^repare^  Samples  of  beryllium  Oxide 

a-  Rats 


About  three  years  ago,  a  toxicological  study  was  started 
on  two  key  samples  of  beryllium  oxide  prepared  by  calcining 
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beryllium  hydroxide  for  10  hours  at  500®C.  and  1100®C.,  respec¬ 
tively.  Each  oxide  was  administered  Intratracheally  to  50  rats 
of  each  sex.  In  this  experiment,  and  In  subsequent  work,  the 
test  material  was  Introduced  Intratracheally  Into  the  lungs  of 
rats  using  a  modification  of  the  self-retaining  Illuminated 
J aryngoscoplc  speculum  developed  by  Dr.  Paul  Gross  of  the 
Industrial  Hygiene  Foundation,  Mellon  Institute  (75) •  The  usual 
dose  for  a  rat  was  25  mg.  suspended  In  0.5  ml.  of  physiological 
saline.  Additional  groups  of  rats  were  carried  as  controls. 

At  Intervals  of  time,  ranging  from  one  week  to  68  weeks  following 
the  Intratracheal  Injection,  four  to  six  rats  from  each  group 
were  killed  and  tissues  saved  for  his topatho log leal  examination 
and  beryllium  analysis. 


Table  LXXI 


(U)  Emission  Spectrographlc  Analysis  of  the 
Water-Soluble  Fraction  of  Exhaust 


Products 

from  Motor  Firings 

Percent  of  Element 
In  Water-Soluble  : 

Present 

Fraction 

Element 

Sample 

1  Sample  22 

Sample  24 

A1 

0.5 

0.5 

0.2 

B 

0.01 

0.07 

0.06 

Be 

0.04 

0.05 

0.05 

Ca 

4.0 

2.0 

Cu 

1.0 

0.7 

1.0 

Cr 

0.5 

0.5 

0.05 

Fe 

20-30 

2.0 

0.4 

Mg 

0.2 

0.7 

0.7 

Mn 

0.2 

0.8 

0.5 

N1 

0.5 

2.0 

2.0 

?b 

0.03 

0.06 

0.04 

SI 

0.2 

1.0 

1.0 

Sn 

0.02 

0.02 

— 

Na 

0.6 

5.0 

4.0 

T1 

0.02 

0.01 

0.02 

Zn 

— 

— 

5.0 

Ag 

<0.005 

-0.01 

<0.005 
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Hlstopathologlcal  examination  of  the  lungs  from  these 
animals  showed  very  clearly  a  distinct  difference  In  the  bio¬ 
logical  response  In  the  lungs  of  rats  treated  with  the  two  oxides. 

The  lung  response  to  the  beryllium  oxide  calcined  for 
10  hours  at  500® C.  can  be  described  as  a  widely  dispersed  focal 
pneumonitis  of  granulomatous  nature.  The  lesion  has  a  dense 
central  core  of  proliferated  histiocytes  clustered  around  aggre¬ 
gates  of  beryllium  oxide  particles.  Endothellcid  type  cells,  one 
or  two  layers  thick,  and  fibroblasts  may  be  present, Immediately 
Investing  the  aggregates  surrounded  by  hlstlocy^  .<  which  frequently 
contain  small  particles  of  beryllium  oxide.  A  lymphocytes  and 
plasma  cells  are  present,  usually  enmeshed  In  a  fine  reticulum. 
Occasionally,  multlnucleated  giant  cells  or  attempts  at  their 
formation  are  evident.  In  the  course  of  time  the  lesion  becomes 
less  cellular,  more  collagen  appears,  and,  finally,  there  Is 
hyallnlzatlon  with  or  without  fibrosis.  Sometimes  several  lung 
lesions  become  confluent;  In  general,  lesions  occur  more  frequently 
In  areas  adjacent  to  blood  vessels  or  bronchlolar  elements.  The 
lung  parenchyma  between  the  lesions  discloses  an  Inflammatory 
reaction  In  the  alveolar  walls  and  the  latter  appear  Irregularly 
thickened.  Frequently,  compensatory  emphysema  Is  seen.  Bronchlolar 
hyperplasia  and  eplthellallzatlon  of  alveolar  septal  walls  are 
commonly  observed.  Interstitial  fibrosis  occurs  but  does  not  seem 
to  be  an  Important  aspect  of  the  lung  lesion  In  the  rat.  Hyperplasia, 
metaphasla  and  anaplasia  are  noted  after  several  weeks,  with  the 
ultimate  development  of  tumors  seven  months  or  longer  following  the 
Intratracheal  Injection.  These  tumors  Include  adenocarcinomas, 
bronchlogenlc  carcinomas,  and  muclnogenous  adenocarcinomas. 

Tissues  (liver,  kidney  and  bone)  from  many  of  these  rats 
have  been  analyzed  for  beryllium  content  using  emission  spectro- 
graphlc  techniques.  Results  (shown  In  Table  LXXII)  Indicate  that 
these  tissues  contain  considerable  beryllium  and  that  the  beryl¬ 
lium  concentration  tends  to  Increase  with  the  length  of  time  on  the 
experiment . 

In  contrast,  the  lungs,  from  the  rats  that  received  the 
beivlllum  oxide  calcined  for  10  hours  at  llOO^C.,  were  strikingly 
different  In  appearance.  The  particles  tended  to  be  present  In 
the  septal  walls,  although  In  some  cases  they  were  present  within 
the  alveol 1 .  The  affected  septal  walls  were  thickened  due  to 
cell  proliferation  and  fibroblastic  reaction.  In  a  few  animals 
granulomas  were  present,  but  not  nearly  to  the  extent  observed 
In  the  case  of  the  oxide  calcined  at  500®C.  Nevertheless,  the 
Incidence  of  tumors  was  essentially  the  same  In  both  groups. 

Berjflll’im  analysis  on  tissues  (shown  in  Table  LXXIII)  from  these 
rats  showed  only  a  slight  Increase  In  beryllium  content  ove" 
control  values,  with  a  slight  trend  toward  an  Increase  In  beryl¬ 
lium  concentration  with  length  of  time  on  the  experiment.  Thus, 
there  Is  evidence  that  this  oxide  (calcined  at  110C‘’C.j  Is  still 
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Table  mil 

(u)  Beryllium  Concentration  In  T1 a sues  of  Rats  Treated 
Intratracheal ly  with  Beryllium  Oxide  Prepared  by 
CaTclnlng  Beryllium  hydroxide  for  10  Hrs.  at  500 "C. 


Beryllium  Concentration  In  PPM 


Rat 

No. 

no.  or 
Weeka  on 
Experiment 

(Oaoiaa/Oram 

Wet  WelKht) 

Sex 

Liver 

Kidney 

3Dleen 

Bone 

3-203 

P 

1 

0.18 

— 

3-204 

P 

1 

0.098 

— 

— 

3-205 

N 

1 

0.080 

— 

— 

3-206 

M 

1 

— 

0.11 

— 

— 

3-227 

P 

3 

— - 

0.22 

— 

3-229 

P 

3 

— 

0.12 

— 

— 

3-230 

M 

3 

— 

0.11 

— 

— 

3-231 

M 

3 

. — 

0.l4 

___ 

— 

3-232 

M 

3 

— 

0.078 

— - 

— 

3-310 

M 

13 

0.50 

0.18 

— - 

5.7 

3-311 

N 

13 

0.66 

0.66 

— - 

5.0 

1  ** 

•%  c. 

A 

--- 

<  < 

3-857 

P 

13 

0.86 

0.070 

— 

4.6 

3-659 

N 

13 

0.58 

0.11 

—  - 

4.8 

3-43C 

M 

25 

3.9 

0.42 

— 

10.5 

3-917 

P 

25 

0.090 

0.11 

— 

6.0 

3-918 

P 

25 

0.94 

0.062 

— 

0.07 

3-919 

M 

25 

0.10 

0.16 

0.52 

7.0 

3-492 

P 

44 

1.8 

0.60 

- 

24 

3-494 

P 

44 

6.2 

^  oc 

— 

AA 

3-501 

M 

44 

1.4 

0.52 

— 

17 

3-533 

M 

68 

2.3 

0.50 

10.5 

— 

3-534 

N 

68 

6.6 

0.86 

>50 

24 

3-541 

P 

68 

8.0 

0.64 

>50 

19 

3-549 

N 

68 

2.2 

0.54 

2.0 

18 

3-551 

P 

68 

2.1 

0.50 

5.2 

25. 

3-557 

P 

68 

2.6 

0.62 

8.0 

25 

3-558  • 

P 

68 

1.6 

0.28 

5.4 

55 

Control 

<0.005 

<0.005 

<0.005  <0.2 
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Table  LXXIII 

(U)  Beryllluxn  Concentration  In  Tissues  of  Rabs  Treated 
"Intratracheal ly  with  Ber:; Ilium  Oxide  Prepared  by 
Calclnlnp;  Beryllium  Hydroxide  for  10  Hrs .  at  lIOO^C. 


Rat 

No. 

Sex 

No.  of 
Weeks  on 
Experiment 

Be  Concentration  In  PPM 
(Gamma/Gram  Wet  Weight) 

Liver 

Kidney 

Spleen 

Bone 

S-210 

P 

1 

— 

0.007 

— 

— 

S-211 

F 

1 

— 

0.005 

— 

— 

S-212 

P 

] 

— 

0.006 

— 

— 

S-213 

M 

1 

— 

0.005 

— 

S-215 

M 

1 

— 

0.011 

— 

— 

S-251 

P 

3 

— 

<0.003 

— 

— 

S-252 

P 

3 

— 

<0.003 

— 

— 

S-253 

P 

3 

— 

0.006 

— 

— 

S-25^ 

M 

3 

— 

0.007 

— 

— 

S-255 

M 

3 

— 

0.051 

— 

--- 

S-314 

M 

13 

0.010 

0.023 

— 

<0.2 

S-315 

M 

13 

0.16 

0.04 

— 

0.2 

S-321 

P 

13 

0.018 

<0.003 

— 

0.3 

S-322 

P 

13 

0.011 

0.023 

--- 

0.3 

S-498 

P 

44 

0.008 

0.030 

— 

<0.2 

S-504 

M 

44 

<0.003 

<0.003 

— 

<0.2 

S-505 

M 

44 

0.004 

0.081 

— 

0.23 

S-537 

M 

68 

6.5 

0.26 

8.5 

0.50 

At 

M 

^  0 

•  «. 

n  rstC. 

h 

C  • 

r\ 

V  •  WW 

s-544 

P 

68 

0.084 

0.019 

0.25 

0.90 

s-554 

P 

68 

0.018 

0.012 

0.090 

0.90 

S-555 

P 

68 

0.074 

0.012 

— 

0.70 

S-563 

P 

68 

0.016 

0.010 

0.072 

0.31 

Control 

<0.003 

<0.003 

<0.003 

<0.2 
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biologically  active;  however,  there  Is  a  marked  quantitative 
difference  between  the  two  oxides  In  the  magnitude  of  the  tissue 
response,  and  In  the  translocation  of  beryllium  to  liver,  kidney, 
and  bone . 

b.  Rabbits 


A  similar  serial  study  on  rabbits  was  started  about  28 
months  ago.  The  usual  Intratracheal  dose  for  the  rabbit  was  100 
mg.  In  2  ml.  of  physiological  saline.  The  material  was  administered 
by  a  modification  of  the  self-retaining  Illuminated  laryngoscoplc 
speculum  described  by  Gross  (73) •  At  Intervals  of  l4,  50,  53,  and 
106  weeks,  one  or  two  animals  from  each  group  were  killed  and 
examined.  In  general,  histopathologlcal  examinations  and  analytical 
work  (Table  LXXIV)  on  the  tissues  completed  to  date  support  the 
findings  reported  on  the  rats  treated  with  these  same  oxides  so 
far  as  the  granulomatous  response  Is  concerned.  However,  no  tumors 
have  been  observed  In  any  of  the  rabbits  examined. 

Six  animals  are  still  on  this  experiment.  These  will  be 
killed  at  appropriate  time  Intervals  and  tissues  saved  for  histo¬ 
pathologlcal  examination  and  beryllium  analysis. 

5.  y^enty-four  Week  ^perlments  on  I^ts  using  a  Laboratory 

Prepared  Sample  of  Beryllium  Oxide  Calcined  at  lbOO"C.  (u) 

The  res’ilts  (reported  above)-  provided  valid  reasons  to 
pursue  the  preparation  of  an  oxide  calcined  at  higher  temperatures 
with  the  hope  that  a  more  nearly  "inert"  material  could  be  pre¬ 
pared.  Consequently,  a  sample  of  beryllium  oxide  was  prepared 
from  beryllium  hydroxide  by  calcining  at  l600®C.  for  10  hours. 

The  physclal  and  chemical  properties  of  this  oxide  are 
listed  In  Table  LXII.  It  Is  evident  that  this  sample  calcined 
at  ISOO^C.  has  the  lowest  surface  area,  the  greatest  average 
crystallite  size,  the  highest  refractive  Index,  and  the  highest 
density.  It  Is  highly  crystalline,  its  solubility  In  water  at 
room  temperature  Is  very,  very  slight,  and  of  the  same  order  as 
that  of  the  oLhex*  two  key  samples  studied. 

About  a  year  ago,  a  toxicological  study  on  rats  (10  of 
each  sex)  was  started  on  this  oxide.  Ignited  aluminum  oxide, 
and  beryllium  oxide  calcined  for  10  hours  at  5'JO’^C.  were  Included 
In  this  study  for  comparative  purposes.  At  .ntervals  of  3,  6, 

12,  and  24  weeks  following  the  intratracheal  Injection,  small 
groups  of  rats  (four  or  five)  were  killed  and  examined.  Tissues 
were  saved  for  histopathologlcal  examination  and  beryllium 
analysis . 

Histopathologlcal  examination  of  the  lungs  from  these 
einlmals  that  received  this  oxide  calcined  for  10  hours  at  iSoo^C. 
showed  minimal  pathological  changes  similar  to  those  Induced  by 
relatively  non -harmful  "inert"  dusts.  The  highly  crystalline 
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berylllur,  oxide  particles  were  seen,  either  lying  free  In  the 
alveoli  or  within  the  septal  walls;  the  latter  were  Irregularly 
thickened  with  minimal  Infiltration  of  lymphocytes  and  plasma 
cells.  There  was  no  effective  encapsulation  of  this  material  and 
no  evidence  of  collagen  deposition.  Certainly  the  cellular  re¬ 
action  produced  by  this  oxide  calcined  at  l600®C.  Is  of  an  entirely 
different  order  of  magnitude  than  that  produced  by  the  oxide  cal¬ 
cined  at  500°C. 

The  analytical  results  obtained  on  tissues  from  rats 
treated  with  the  oxide  calcined  at  l600®C.  are  given  In  Table  LXXV. 
It  Is  evident  that  there  Is  only  a  slight  Increase  In  beryllium 
content  of  the  liver  even  after  24  weeks  on  the  experiment  with 
barely  detectable  am-unts  of  the  kidney  and  bone. 

4.  Long-Term  Serial  Study  on  Rats  and  Rabbits  using  Key  Samples 
of  Beryllium  Oxide  uj) 

Three  of  the  most  significant  findings  to  date  are:(l) 
that  a  characteristic  biological  response  Is  produced  In  animals 
treated  Intratracheally  with  samples  of  beryllium  calcined  for  10 
hours  at  500® C.  ;  (ll)  chat  there  Is  a  gradation  of  biological 
response,  from  very  "active"  to  very  nearly  "inactive,"  depending 
on  the  oxide  administered;  and  (ill;  that  tumors  develop  In  the 
lungs  of  rats  treated  with  certain  beryllium  oxides  several  months 
following  the  Intratracheal  Injection.  It  Is  essential  to  confirm 
these  results  by  treating  additional  animals  and  observing  them 
for  a  longer  period  of  time.  Specifically,  It  la  Imperative  that 
a  sufficient  number  of  animals  be  carried  throughout  th®ir  life¬ 
time  following  the  Intratracheal  administration  of  beryllium  oxide 
calcined  for  10  hours  at  i600®C.,  which  has  been  shown  to  produce 
very  little  biological  response  In  the  lung  during  the  time  period 
studied  to  date.  Since  tumors  were  found  after  seven  to  eight 
months  In  the  lungs  of  rats  treated  with  the  beryllium  oxide  cal¬ 
cined  for  10  hours  at  500*0.  and  1100®C.,  It  Is  very  Important 
to  establish  whether  or  not  the  beryllium  oxide  calcined  10  hours 
at  l600®C.  will.  In  fact,  produce  tumors  after  a  prolonged  period 
of  time  ( l8  months  to  two  years) .  A  new  study  was  started  in 
November,  19^4,  to  achieve  this  goal.  The  beryllium  oxides  used 
In  this  study  were  the' oxides  calcined  at  500®C.  and  l600®C., 
respectively  (described  In  Table  LXII  ) . 

One  hundred  and  twenty  rats  and  forty  rabbits  were  selected 
carefully  for  this  study.  Pretreatment  X-rays  and  serum  protein 
fractionation  were  carried  out  on  representative  animals.  Further, 
l6  rats  on  each  scimple,  l6  control  rats,  and  all  of  the  rabbits 
(4o)  were  selected  for  an  extensive  serial  study  of  serum  proteli. 
fractions  using  agar-gel  electrophoresis.  Serum  samples  have  been 
analyzed  at  appropriate  Intervals  following  treatment. 

A  failure  of  the  air-conditioning  system  for  several  hours 
on  June  20,  19^5,  placed  additional  stress  on  these  animals. 
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Table  LXXV 


(U)  Beryllium  Concentration  In  Tissues  of  Rats  Treated 
Infcratracheaily  with  Beryllium  Oxide 
Prepared  by  Calcining  Beryllium  Hydroxj 


7oxlde 


i'or  10  Hours  at  lb00''C. 


Be  Concentration  In  PPM 
Experiment _ (Oamma/Gram  Wet  Weight) 


Rat  No. 

Sex 

Weeks 

Liver 

Kidney 

Spleen 

Bone 

S-849 

P 

3 

0.004 

0.003 

— 

0.11 

S-851 

M 

3 

0.012 

0.008 

— 

0.11 

S-852 

M 

3 

0.010 

0.005 

— 

<0.05 

S-871 

P 

6 

0.004 

<0.003 

— 

<0.05 

S-872 

P 

6 

0.039 

0.018 

— 

0.38 

S-879A 

M 

6 

0.004 

0.003 

— 

0.06 

S-88OA 

M 

6 

0.004 

<0.003 

— 

<0.05 

S-883 

M 

12 

0.008 

0.003 

— 

0.06 

S-884 

P 

12 

0.50 

0.36 

— 

0.09 

S-892 

M 

12 

0.035 

<0.003 

<0.05 

S-929 

P 

24 

0.022 

<0.003 

0.10 

0.10 

S-936 

M 

24 

0.053 

<0.003 

0.11 

0.06 

S-937 

M 

24 

0.070 

0.003 

0.26 

0.11 

S-938 

M 

24 

0.028 

0.003 

0.16 

0. 11 

S-9^4 

P 

24 

0.01 

0.003 

0.040 

0.l4 

S-945  . 

M 

24 

0.007 

0.004 

0.038 

0.09 

Control 

<0.003 

<0.003 

<0.003 

<0.05 
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resulting  in  an  increased  mortality  in  all  groups,  especially 
animals  treated  with  beryllium  oxide  calcined  for  10  hours  at 
500°C.  Moribund  animals  were  killed  so  that  tissues  could  be 
obtained  for  histopathologlcal  examination  and  beryllium  analysis. 
Small  groups  of  the  surviving  rats  were  killed  nine  and  twelve 
months  following  treatment.  The  tissues  are  being  prepared  for 
histopathologlcal  examination  and  for  analysis  of  beryllium  con¬ 
tent.  The  remaining  animals  will  be  followed  closely  emd  sacrificed 
at  appropriate  Intervals. 


5.  One-Year  Experiments  on  Rats  using  Control  Materials  (u) 

Several  experiments  using  control  materials  have  been 
completed.  Rats  were  treated  Intratracheally  and  then  small 
groups  killed  and  examined  6,  12,  18,  and  52  weeks  following 
treatment.  Some  of  the  compounds  studied  were  aluminum  oxide, 
titanium  dioxide,  zirconium  dioxide,  yttrium  oxide,  carbon,  and 
talc.  These  experiments  have  been  very  helpful  in  providing 
material  for  comparative  study  in  the  gross  and  microscopic  examina¬ 
tion  of  lungs  from  rats  treated  with  beryllium  oxide.  Also,  tissues 
are  being  analyzed  for  metal  content  in  liver,  kidney,  splean  and 
bone.  These  studies  should  help  in  evaluating  translocation  of 
materials  from  the  lung  to  other  organs . 

6.  Studies  on  Exhaust  Products  from  Motor  Firings  using  Rats  (U) 
a.  Sample  of  "Exhaust  Products"  from  Edwards  Air  Force  Base 

A  small  cample  of  "exhaust  produo ta"  from  Edwards  Air 
Force  Base,  California,  was  received  in  June,  1964.  This  sample 
consisted  of  particles  ranging  from  200  p  to  about  Ip.  It  was 
a  heterogeneous  mixture  of  AlaOa,  BeAl204,  and  PeaO*,  as  deter¬ 
mined  by  X-ray  diffraction.  This  sample  was  found  to  contain 
4.75^  beryllium,  17.7%  iron  and  29.5%  aluminum.  Berylli’um  metal 
and  beryllium  oxide  were  not  found  in  this  sajnple.  The  beryllium 
present  was  in  the  form  of  BeAl204.  A  more  detailed  report  of 
the  studies  of  physical  properties  is  given  in  the  19^4  Annual 
Technical  Summary  Report  ( l) . 


In  August,  1964,  eight  rats  were  treated  intratracheally 
wxth  uhxs  uiaterial.  Because  of  the  large  particles  and  hetero¬ 
geneous  nature,  it  was  difficult  to  administer  an  accurate  dose. 
Two  animals  were  killed  at  2,  10,  30,  and  48  weeks  following 
the  intratracheal  injection,  and  tissues  were  saved  for  hlsto- 
pathological  examination  and  for  analysis  of  beryllium  concentra¬ 
tion. 


Histopathologlcal  examination  of  the  lungs  from  these 
animals  shewed  minimal  non-specific  patholog:.cal  changes,  remglng 
from  no  effect  to  slight  thickening  of  the  alveolar  walls  and 
the  presence  of  a  few  macrophages  and  mononuclear  cells  surround¬ 
ing  the  particulate  matter.  Many  particles  were  seen  either 
lying  free  in  the  alveoli  or  adjacent  to  the  alveolar  lining. 
Occasionally,  the  smaller  particles  were  observed  within  the 
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Alveolar  walls  or  engulfed  by  macrophages.  In  some  areas  the 
endothelial  lining  vas  elevated  and  the  nucleus  was  prominent. 

Only  slight  proliferation  of  the  fibroblasts  were  evident. 

These  results  must  be  considered  as  preliminary.  Con¬ 
clusions  cannot  be  drawn  regarding  the  probable  health  hazard 
of  this  material.  The  sample  was  a  very  poor  preparation  for 
Intratracheal  work  In  rata.  Since  only  eight  rata  were  treated 
and  only  two  rata  killed  at  each  Interval,  these  results  are 
preliminary.  It  Is  not  appropriate  to  compare  these  results 
with  the  results  on  beryllium  oxide  since  the  beryllium  compound 
found  In  the  sample  la  one  that  has  not  been  studied,  and  the 
beryllium  content  In  the  sample  la  quite  low. 

Further  work  on  representative  samples  of  exhaust  products 
Is  needed.  However,  only  well-defined  beryllium-containing  exhaust 
products  from  carefully  controlled  motor  firings  are  recommended 
for  Intensive  biological  study.  The  chemical  mature  and  physical 
properties  or  these  exhaust  products  should  be  determined  so  that 
a  correlation  can  be  made  with  the  properties  of  the  key  samples 
of  beryllium  oxide  which  have  been  studied  extensively. 

b.  Fxhauat  Products  from  Wrlght-Patteraon  Air  Force  Base 

Four  samples  of  exhaust  products  from  motor  firings  were 
received  In  October  from  Wrlght-Patteraon  Air  Force  Base,  Ohio. 

Three  of  these  samples.  Nos.  1,  22,  and  24,  are  exhaust  products 
from  motor  firings  conducted  at  Atlantic  Research  Corporation, 
and  the  fourth  sample.  Aerospace  No.  2,  la  an  exhaust  product  from 
a  motor  firing  conducted  at  Aerospace  Corporation.  Many  physical 
properties  o  thf^e  materials  have  been  studied  and  are  reported  In 
Section  B.l.b.  of  this  report. 

A  small  pilot  experiment  using  rats  was  started  In 
October,  1965>  to  study  the  biological  effects  of  these  materials. 
Each  material  was  administered  Intratracheally.  A  total  of  50 
rata  was  treated.  An  additional  group  of  20  rats  Is  being  carried 
as  controls.  These  animals  will  be  killed  at  appropriate  Intervals, 
and  tissues  will  be  saved  for  hiatopathologlcal  examination.  The 
first  kill  was  made  early  In  December,  four  weeks  following  treat¬ 
ment.  Currently,  these  tissues  are  being  prepared  for  hlstopatho- 
loglcal  examination. 

7.  A  Pilot  Experiment  on  Selected  Beryllium  Oxides,  Beryllium 
Hydroxides,  and  Beryllium  Metal  Using  Rata  (u) 

A  pilot  study  was  started  In  September,  1965*  on  a  aeries 
of  carefully  prepared,  well-characterized  samples  of  beryllium 
oxides  which  were  calcined  at  temperatures  Intermediate  to  those 
which  have  been  reported,  l.e.,  the  oxide  calcined  10  hours  at* 
500*’C.  and  the  oxide  calcined  10  hours  at  l600“C.  Also,  a  few 
rats  have  been  treated  with  a  nominally  "fused  beryllium  oxide" 
and  two  seunples  of  beryllium  metal  supplied  by  the  Brush  Beryllium 

-298- 

UNCLASSIFIED 


UNCLASSIFIED 


Company.  Three  samples  of  beryllium  hydroxide,  which  were  the 
starting  materials  for  the  series  of  calcined  beryllium  oxides 
which  have  been  studied  extensively  over  the  past  three  years, 
are  Included  In  this  study. 

Rats  were  treated  Intratracheally  with  25  ing-  of  the 
sample  In  0.5  ml.  of  0.9^  saline.  The  first  kill  was  made  In 
Novembei’,  and  tissues  were  saved  for  hlstcpathologlcal  examination. 
The  findings  from  this  experiment  should  help  to  elucidate  the 
mechanism  of  the  toxic  nature  of  beryllium-containing  materials. 

C.  BIOCHEMICAL  STUDIES  (U) 

Since  changes  In  serum  protein  patterns  have  been  reported 
In  clinical  cases  of  berylllvim  disease,  a  method  of  electrophoresis 
for  fractionating  serum  protein  using  the  Beckman  paper  electro¬ 
phoresis  system  was  set  up.  The  results  using  paper  electrophosesls 
were  unsatisfactory.  Consequently,  a  method  of  agar  gel  electro¬ 
phoresis  was  developed  using  the  equipment  available.  The  resolution 
of  serum  proteins  Is  very  good  In  all  species  tested  (rat,  rabbit, 
guinea  pig  and  sheep) .  Extensive  studies  have  been  made  using  sera 
from  rats  and  rabbits.  Values  for  serum  protein  fraction  on  210 
normal  rats  and  70  nomal  rabbits  have  been  determined.  These 
values  will  be  used  as  a  base  line  with  which  to  compare  separation 
of  serum  proteins  In  animals  treated  with  beryllium-containing 
materials . 

While  agar  gel  electrophoresis  gives  excellent  resolution 
of  the  major  protein  fractions, -a  further  definition  can  be  ob¬ 
tained  from  their  antigenic  properties .  A  great  many  components 
can  be  resolved  and  Identified  by  combining  electrophoretic 
characteristics  with  Immunological  response.  An  Immunoelectro¬ 
phoresis  system  has  been  developed  by  modifying  the  agar  gel 
electroplioresls  system.  Excellent  results  have  been  obtained 
using  rat  serum  reacting  with  rabbit  anti-rat  globulin  serum  as 
a  test  system.  Now  tiiat  a  means  has  been  devised  for  studying 
certain  antigenic  properties  In  serum.  Investigations  will  be 
carried  out  on  treated  animals . 

D.  PROJECTED  WORK  (U) 

The  ultimate  objective  of  this  beryllium  toxlcologj''  pro¬ 
gram  Is  to  gain  an  understanding  of  the  fundamental  biological, 
chemical  and  physical  mechanisms  involved  In  the  toxic  action 
of  beryllium-containing  materials.  Including  exhaust  products 
from  motor  firings.  In  order  to  evaluate  the  relative  health 
hazards  presented  by  these  materials. 

The  research  prograim,  which  will  be  continued,  consists 
of  four  major  Interrelated  experiments: 

(1)  The  completion  of  a  long-term  serial  study  on 
rats  and  rabbits  using  key  samples  of  beryllium 
oxide. 
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(ll)  The  study  of  dosage-response  relationships  using 
beryllium  oxide  particles  of  "respirable  size" 
only. 

(ill)  The  study  of  the  mechanism  of  action  (using  animals 
from  the  above  studies) . 

( Iv)  The  study  of  beryllium-containing  exhaust  products 
from  motor  firings . 

The  successful  completion  of  these  studies  should  con¬ 
tribute  greatly  to  an  understanding  of  the  relative  toxicity  of 
beryllium  oxides.  The  correlation  of  the  chemical  and  physical 
properties  of  these  oxides  with  their  biological  activity  should 
help  to  furnish  useful  data  for  evaluating  the  relative  health 
hazards  presented  by  other  beryllium-containing  materials. 
Furthermore,  the  study  in  animals  of  care'^lly-selected  and  well- 
characterized  exhaxist  products  from  motor  firings  should  contribute 
greatly  to  the  final  solution  of  the  problem. 
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n  tuei»tCM«TA«r  noVcs 

U  •PCMiOHIMf  HtLITAar  ACTrVlTT 

•  VOTIT  W\ 

Yi*-akSM;  AiM> 

Edvards  Air  Force  Baso;  California 

li  •MTaACT  iTitenalv*  ln-ve8tl®itlcn«  vere  cooducted  on  Inprovlng  the  thermai 
stability  and  crystaUlsatlOD  of  alualnw  hydrlda.  Araan  c  '^slderod  Included  the 
solubility  U:  various  solvents  vltb  and  without  addition  ai^nts,  "tbeital  seeding," 
growth  prooesses,  decosposltlon  processes,  aging,  surface  u'ldatlon  and  treatment, 
and  surveillance  of  both  neat  and  fomulated  propellants  at  2>*C.  and  40*C.  A 
study  of  the  kinetics  of  alunlnua  and  berylllua  hydride  using  flash  htjtlng  with 
ultraviolet  spectroscopy  showed  the  erlstenca  of  AIM,  BaH  and  BeH"*"  at  2,500*K.  Hie 
reaction  of  trls-I  with  nltrofom  gave  a  new  liquid  oxldluer  or  plasticizer.  Re¬ 
actions  of  trls-Br  with  typlcsl  nucleophiles  vara  not  aucceaaful.  The  effect  of 
Impurities  of  the  sensitivity  of  K?2  ccsqiounds  was  not  detected  for  the  ccopounds 
examined.  Ihe  heat  of  fonaetlou  of  Al(Ei4)3,  Hybollne  A-4,  CgPo  radical,  .TBFO-635P, 
and  Bill,  high  temperatuza  enthalpies  at  allotroplc  foros  of  BeCla,  the  enthal¬ 
pies  and  heat  cap^tleJ  of  A1  are  reported.  In  the  JAHA?  Thblea,  area,  a  sumuary 
of  Series  C  and  D  of  the  Propellant  Ingredienta  am  four  supplewnta  of  the  Hjerao- 
cheoical  Ihblea  are  given.  Ihe  toxlcolcgical  reseai  ch  was  concentrated  on  Be- 
contalnlng  materials  using  controlled  samples  of  the  oxide,  sate  hydrides,  netal  azr! 
firing  residues.  Hjo  animal  response  of  the  low- fired  oxide  Is  entirely  different 
than  the  hlgb-flred  oxide  and  evidence  of  carcinogenic  tusKira  was  detected  In  the 
lung  tlasue  of  anlmala  exposed  t(  low- fired  naterlala. 
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.•  ^al  Hydi'ldc 
C-j  Btalllaatlon 
'Vldl;  rc 

Fluorine  Conpounds 
Thei-nal  Measurer.ente 
JAJl'iF  libleB 
Toxicological  Research 
Pr  ope  Hants 
Berylllun  Conpour.ds 


INSTKUCTI'JNS 


I.  ORfClNATIW  ACTIVITY:  Ent»T  lh>  n»m«  and  tddtrmm 
of  th»  contractor,  fibcuotractor.  crantoe,  Hepatmcnt  of  De- 
fanaa  activity  or  other  or^antiatton  fcorporara  author)  laauinf 
tha  report. 

2a.  RF.PORT  SKCUhlTY  rLAS>tl  lCAnCN:  Ertter  the  over- 
all  aecurtty  cfgatifu  ulicn  of  tl>c  rt  port.  Indicate  whether 
"Raatricted  Para"  la  iruiudel  la  *.o  ba  in  accord 

anca  with  a^iproprtate  aecurity  refuliitiont. 

2b.  GROUP:  Automatic  dnwngr^dtnK  la  apeeffied  In  OoD  0l< 
rective  ^.'00. 10  ^nd  Annrd  c»  Industrial  Manual,  i*  I'ter 
the  ijroup  number.  AUo.  *h.*n  t^ipUceble.  ahow  t:<at  upiit-nel 
markinita  have  been  used  for  Ci  jup  3  and  Group  4  aa  author* 
lead 

J«  REPORT  TITLE:  Enter  t>ia  complata  rc^rt  titla  in  alt 
capital  lattera.  Titlea  In  all  caaea  ahoufd  ba  imcIaaaifieiL 
U  s  meanin|;ful  tttfa  caiukU  he  aelactad  without  claaaifica* 

I  tfon,  ahow  title  cfatsifictilun  in  all  capitala  in  pareniheaia 
I  immediataly  folluwin^  the  title. 

4.  DESCRIPTIvr  NOTES:  If -ppropriata.  enter  th- type  of 
report,  a.  k<>  ir  tarim,  pr'if>reaa.  aummary,  annual,  or  final. 

Give  tha  tncluaiva  d*)tea  when  a  apecific  report. per'oJ  la 
covered. 

5.  AUTflOK(S):  Emer  (he  nume(a)  of  au(hor<a)  aa  ahown  on 
or  le  (ha  report.  Enlei  laat  name,  fuat  name,  middle  tniltel. 

If  military,  ahow  rank  and^ranch  uf  arrvice.  The  name  of 
the  prtncioaf  •  ithor  la  an  ubaolute  minimum  reouiremenu 

6i  REIPORT  DATZ;  Enter  the  dale  of  tha  report  aa  day, 
month,  year,  or  montn,  yen,^  It  more  than  one  data  appeara 
on  (ha  report,  uae  date  of  publicattorv 
7*.  TOTAL  NUMOER  Of  PACES:  The  lol.f  fi.c.  count 
ahould  follow  rtormal  pai^lnation  procedurea,  Le.,  enter  the 
number  of  pegea  containing  information, 

76.  NUMBER  OF  REFERENCES  Enter  thr  lotui  number  of  | 
refrrcncea  cited  in  tha  lepurt.  I 

8a.  CONTRACT  OR  GRANT  NUMBER;  If  apprnpriata,  enter 
the  applicabfe  number  of  (he  contract  or  grant  under  which 
the  report  wea  writtei*. 

86.  Sc,  &  Id.  PROJECT  NUMBER  Enter  the  appropriate 
military  depanment  idvntlficstiun,  auch  aa  project  number, 
aubproject  number,  ayrtem  numbera,  (aak  number,  etc. 

9a.  ORIGINATOR'S  RhPORT  NUMBER(S):  Enter  the  offi* 
ctul  report  number  by  wiuth  (lie  document  wilf  be  Identified 
and  controlled  by  thu  originating  activity.  Thia  number  muHt 
be  unique  to  thu  r«-purt. 

96.  OTHER  REPORT  NUMHER;S):  If  the  report  hee  teen 
uavigMed  any  other  rt.*t)oft  numh**ra  (eithi-r  by  ihv  orijj^inaror 
or  by  the  alao  enter  ihia  numberfs). 

10.  AVAILAUILCTY/MMITATION  NOTICES  Enter  any  Iinv 
itationa  on  fmthar  dissemination  of  tha  report,  other  th»  (huae 


ttrpuaed  by  aecurity  rfasaific  ation,  uaing  alandard  atatemanta 

auch  «a 

*'CVialilied  requratera  may  ^tain  copia*  of  thia 
ri  port  from  DDC. ’* 

(2)  **Forei|^n  '•nnounermen!  and  diaaemination  ol  thia 
report  by  DDC  la  not  authoruadt'* 

(J)  **U.  5.  Government  agenciea  may  obtain  coptea  uf 

thia  ret>urt  directly  from  DDC.  Other  qualified  DDC 
u«era  «h»ll  rc  iieHt  thfoutih 


'*U  S  ruliiary  aitanciea  may  ■  n*  in  copIca  of  thia 
report  directly  Irum  DDC  ^ti  i.  ^uaftfiad  uaera 
ahall  requeat  through 


**A11  diatnbuiion  of  thia  report  la  controlfrd.  Quat* 
ified  D^C  uaera  ahafl  requeal  through 


If  tha  fet*on  h<«  been  furniahed  to  the  Office  of  Technical 
Servicaa.  Dep  *tment  of  Cummirca.  for  aale  to  the  public,  indL 
cate  thta  fact  .  d  enter  tha  price,  tf  knowre 

11.  SUPPLI’A»ENTAR Y  NOTES.’  Uae  for  adilitional  explana¬ 
tory  nolra. 

12.  SPONSORING  M'LITARY  ACTIVITY:  Enter  the  nam^  of 
the  drpartnientul  prujcct  olfice  or  laboratory  aponauring  fpay* 
ind  fo'Iihe  reaaari.h  and  development.  Include  addreaa. 

1.1.  .^.nSTKACT  Enter  an  abal^act  giving  a  bncf  and  factual 
aumn  arv  uf  the  document  indicative  uf  the  report,  even  though 
It  may  alao  appear  elaewfiere  m  the  body  of  the  technical  re¬ 
port  If  addtlionwf  spat  e  \n  required,  a  continuaiiun  aheel  ahall 
b«-  altat  hed. 

It  la  highfy  dt  atiable  that  the  abairact  uf  rlaxaified  reporta 
be  unciaxaifled.  Farh  paruKrapli  ul  ihe  abKtui  t  !ih«ll  end  with 
an  indication  of  the  u.tliljry  nreunty  claixifit.  .iiii,ii  uf  the  in- 
f<  rmaiion  in  the  p«ragra(>h.  repreaented  aa  fT5;.  f.'s;,  (C).  or  (U) 

There  la  no  hmilution  on  the  length  of  the  atistract.  How¬ 
ever.  the  sufgeatvd  length  is  from  1  SU  to  225  words. 

!4  KEY  WORDS:  Key  words  are  technically  meaningful  terma 
or  short  phraava  that  characicri/c  a  report  and  muv  be  uiicd  aa 
index  ciiiriea  fur  calaluginp.  the  report.  Key  word^  niuat  be* 
velertt’d  ao  that  no  aerunly  claisificallon  la  required.  Identl* 
fiera,  auch  aa  equipment  modi  1  dcai|7)alton.  trade  n-me.  military 
project  cude  name.  yc*i»grt*pK|c  lucaliun.  may  l»e  uaeif  aa  *'ey 
words  but  wilJ  be  fulfuwed  by  an  indication  of  technical  con¬ 
text.  The  ansignment  of  linka,  rulea,  and  wi*i|;hta  is  optional. 
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